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 The ongoing continuous progress in nanotechnology has led to a significant and positive 
impact on social life and public health, especially as social activities have increased, such 
as outdoor activities. Recently, considerable efforts have been made by researchers to 
develop new techniques and materials. These have been designed on the nanoscale to 
have novel physical and chemical  features rather than in bulk form. Such features can be 
very relevant to the market. For instance Australia has the highest ultraviolet (UV) 
exposure of any developed country. Therefore it is essential that nanoparticles of metal 
oxide are incorporated in topical products such as sunscreens to diminish exposure and 
reduce harmful effects such as skin cancer and other dangerous or unsightly outcomes 
such as skin aging that result from the exposure to UV rays. For such an application, 
nanostructures of oxides such as ZnO and TiO2 are widely used because of their novel 
optical properties and low cost. These features are excellent in comparison to their 
micronised counterparts. The potential capability of several types of nanoparticles to act 
as active photocatalysts and hence degrade other organic ingredients in sunscreen 
products, however, consequently minimises their effectiveness for reducing or decreasing 
the harmful effects of UV rays. Different studies have suggested, however, that such 
particles are unable to permeate the implicated skin cells. Nevertheless, these outcomes 
are still under debate, because of differences in the particle sizes of samples and other 
parameters. Many researchers have been attracted to explore other metal oxide 
nanoparticles. These nanoparticles have identical competence in absorption of UV light 
with additional characteristics and unlike organic photochemistry, are not affected by free 
radicals as a result of degraded organic UV filters. Scavenging of free radicals and great 
UV ray absorption are the main characteristics possessed by nanoparticles such as cerium 
dioxide (CeO2). CeO2 has been suggested in this field due to its novel properties towards 
scavenging free radicals, so it has a significant role in sunscreen products. Free Radical 
species could result from exposure to drugs, environmental pollutants, and ionised rays, 
and are considered to be the major agents causing oxidative stress. Indeed this oxidative 
stress is the key for many human diseases such as cancer, including skin cancer, and 
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neurological, liver, and immune system diseases. Thus due to their potential 
multifunctional performance, such nanoparticles can present greater capability for 
protection from oxidative stress and can minimise the dangerous effects of UV rays. In 
this thesis work, several ZnO-based nanomaterials have been studied, with the aim of 
achieving greater efficiency in this area.  
Various synthetic strategies to prepare such nanoparticles for UV filtering applications 
related to health are reviewed. The principal parameters and the degradation mechanisms 
were investigated. The literature clearly shows that nanostructures increase the UV 
absorption, promotes greater stability, and reduces degradation, which can be 
demonstrated by the gradual decrease of crystal violet degradation when the 
nanostructures are applied to block radiation from solar simulators and UV degradation. 
Here, we investigated the synthesis and characterisation of Na-doped ZnO, ZnO/CeO2, 
and commercial ZnO nanoparticles synthesised via the sol-gel, Solvothermal, and simple 
precipitation routes. For the structural and morphological investigations, the X-ray 
diffraction (XRD) and scanning and transmission electron microscopy (SEM and TEM) 
were used. The XRD results confirmed the hexagonal wurtzite structure of ZnO 
nanoparticles, whereas the SEM and TEM images showed a spherical morphology for the 
doped systems and an irregular morphology for the composite structures. The particle size 
was around 64.6–84.6 nm for samples prepared by the sol-gel, Solvothermal, see chapter 
4 and the calculated mean crystallite sizes of the resultant nanocomposites were ~ 90.02 
nm, ~79.35 nm, and ~ 40.65 nm for the 2.5 at%, 5 at% and 10 at% ceria amounts, 
respectively using the simple precipitation route, see chapter 5. It was found that the   
photocatalytic activity was reduced noticeably with increasing pH and an increasing 
amount of ceria within the nanocomposite. Firstly, the photocatalytic activity of the doped 
samples was suppressed effectively at pH 11.6 with concentration of 0.03 at% Na doping 
up to 90% by conducting the sol–gel process rather than the solvothermal process which 
resulted in about 70% photocatalytic reduction in a period of time from (0–30 min) when 
exposed to ultraviolet and visible light. In addition, the nanoparticles resulted by sol–gel 
route show a reduction in photoactivity under solar simulation about 98% rather than 
those resulted via solvothermal process which shows a reduction around 92% for 30 min 
which is the same period of time used for the photocatalytic degradation test. Secondly, 
the photocatalyst results show that the addition of ceria, particularly with the precipitation 
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amount increased up to 10 at% and  at Ph 12, can effectively reduce crystal violet 
degradation by about 97% in a period of time from (0–30) min when exposed to 
ultraviolet light over 30 min and by around 99% under solar simulation for 30 min 
also.The UV filtering properties were studied at different temperatures and for different 
concentration ranges. It was found that the ZnO has high UV absorption capability and 
low photocatalytic activity after tailoring by an annealing of 500 °C and exposure to pH 
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 Introduction 
Recently, exposure to UV rays has increased because of the collapse of the ozone layer. 
So, more public life will lead to more outdoor activities that mean more exposure to UV 
light, which is harmful to our bodies. UV rays are a part of the electromagnetic spectrum 
between visible light and X-rays. They are divided into UVA (320 – 400 nm), UVB (290 
– 320 nm), and UVC (270 – 290 nm), but the most important are UVA and UVB because 
of the intensive damage that they can cause to the body, particularly skin damage. To 
protect the human body, there is an urgent need to develop safe sunscreens. 
1. Background 
1.1 UV radiation 
In the past two decades, there has been a great concern  for skin protection from ultraviolet  
radiation because of the increasing intensity of UV rays that can reach the Earth’s surface 
due to the breakdown of the ozone layer[1]. By identifying the threats associated with the 
exposure to UV rays from sunlight, the requirement of photo-protection has become more 
and more pressing[2]. Australia is one of the most vulnerable areas around the world, 
especially in summer, but the problem is worldwide, as is shown in Figure 1.1[3]. 
 Generally, the UV radiation from the sun can be divided into UVC (270–290 nm), 
UVB (290–320 nm), and UVA (320–400 nm) [2], as shown in Figure 1.2[4]. The ozone 
layer absorbs UVC. UVB causes sunburn (erythema), and can change the cells and cause 
different types of skin cancer, including melanoma. UV-A is the most dangerous type of 
radiation which has been reported, because exposure to this kind of radiation leads to 
increased production of reactive oxygen species (ROS), which have the ability to damage 
a cell’s DNA and generate cancer, while the immunological response of skin cells  can 
also be decreased and skin aging accelerated[5]. 
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Sunscreen agents are one of the most significant tools to protect the skin from the 
UV irradiation that causes sunburn, sun-tanning, photo-aging, and skin cancer. Therefore, 
the improvement of active sunscreen agents is essential for the future [1]. There are both 
organic and inorganic UV blockers[5]. Nowadays, organic UV blockers are still broadly 
used, not only in sunscreens for the protection of photosensitive patients and for 
prevention of the carcinogenic risk that is caused by the solar radiation, but also in the 
daily cosmetics that are used to avoid skin aging[2]. The organic blockers are also called 
UV absorbers because they mainly absorb UV rays[5].  
It is suspected that the extensive use of these absorbers has led to a potential 
increase in UV-absorbent allergy and photoallergy because of their partial degradation 
under irradiation. Therefore, it is worth developing novel inorganic UV-shielding 
materials that have three of the most crucial advantages for a sunscreen, high efficiency 
of their UV-shielding ability, comfort, and safety[2]. Nanocrystalline semiconductor 
materials are widely used in sunscreen cosmetics[6]. The materials that absorb, reflect, or 
scatter the ultraviolet radiation are called inorganic UV blockers [1].  
These blockers feature efficient protection over a broad spectrum, excellent 
comfort, and high safety when applied on human skin [2]. Nowadays, most inorganic UV-
blocking filters consist of titanium dioxide (TiO2) and zinc oxide (ZnO)[6]. Because of 
the harmful effects on the skin that are related to UV exposure, the UV blocking efficiency 
of ZnO has been particularly important [5]. A significant issue in ZnO use is that it 
generates reactive oxygen species (ROS), making it photocatalytically active. Therefore 
it is essential to make non-photocatalytic materials that are modified by other metals [2]. 
Due to its particular advantages, the work in this thesis involves modifying ZnO to give 
it reduced photocatalytic activity and optimum UV blocking, in forms that are suitable 
for mass production. The rest of this chapter explains the importance of effective UV 












1Fig. 1.1: UV index world maps show the Australian winter in June and summer in January in 










1Fig. 1.2: The electromagnetic spectrum, showing enlargements of the visible light and ultraviolet 





1.2 Special situation in Australia 
In the last thirty years, numbers of skin cancer deaths and skin patients have grown by 
over 100% in Australia, particularly skin cancers such as melanoma and non-melanoma 
skin cancer (NMSC), which includes squamous cell carcinoma (SCC) and basal cell 
carcinoma (BCC). One of the world’s highest incidence of skin cancer occurs in this 
country, due to its high UV index, especially in summer, as mentioned above. Therefore, 
outdoor activities can lead to increased exposure to UV irradiation, as shown in Figure 

















 Fig. 1.3: Statistics showing the increase in skin cancers and skin cancer deaths in Australia by 





1.3 Mechanisms of skin damage from UV radiation 
Continuous exposure to UV radiation can result in many types of  skin damage, such as 
skin aging [5, 9-11], sunburn, sun-tanning phototoxicity, and skin cancer [1, 2, 12-15]. 
There are direct and indirect skin damage mechanisms as shown in Figure 1.4. During 
exposure to UV, reactive oxygen species (ROS) are created, mostly by UVA. Whereas 
DNA can absorb these rays by photosensitising reactions, which can happen indirectly 
and leads to DNA damage, This is because UVA can penetrate deeply into the skin 
because of its longer wavelength [16-18]. 
 Generally, there are two pathways of photosensitization. Type Ⅰ occurs when 
charged radicals result from stripping electron that are associated with hydrogen to form 
neutral radical species, and then these will react with ˙O2 radicals, resulting in H2O2 or 
˙OH. Type Ⅱ occurs when singlet oxygen is formed by transferring energy to an oxygen 
molecule. As a result hydroperoxide and end peroxide as well to O as well to O˙2
- as 
shown in Figure 1.4. In contrast, UVB, which has a shorter wavelength than UVA, can 
be absorbed entirely by the epidermis and fairly dermis.  
UVB can be directly absorbed by DNA and causes molecular rearrangement, 
which leads to particular types of damage such as sunburn. As for UVC, this can be 
absorbed by the ozone layer. Hence, there is no risk to the human body. Table 1.1 lists 
the various types of skin with their effective protection against UV rays, while Figures 
1.5 and 1.6 show the biological effects on the skin of UV radiation and the effective 












































1 Fig. 1.6: Effectiveness spectrum for skin damage mechanisms caused by UV radiation [22]. 
 













1.4 Current methods of protection 
Different methods have been used to protect skin from UV radiation. The most convenient 
way is by avoiding direct exposure to sunlight, such as by staying indoors or by wearing 
protective clothing with unique fabrics or textiles to protect against UV rays, although 
avoidance is not always possible because of various life activities, and in this case, 
sunscreen is suitable for use against UV radiation. Therefore, researchers have made 
significant efforts to provide safe ingredients that can be applied to the skin [3, 23, 24]. 
 1.4.1 Sunscreens and mechanisms of UV filtering  
A sunscreen is a substance that can protect the skin against the effects that result from 
exposure to UV radiation. Modern sunscreens are divided into organic and inorganic 
sunscreens. The two main mechanisms by which sunscreens work are reflection and 
absorption. 
1.4.1.1 Reflection 
The incidence of UV radiation can be reduced by reflection or scattering from the surfaces 
of particles that are constituents of the sunscreen, depending on size. This mechanism is 
mostly found in sunscreens based on inorganic ingredients such as zinc dioxide and 
titanium dioxide. 
1.4.1.2 Absorption 
UV rays can be absorbed by organic materials (organic absorbers) in addition to inorganic 
substances. Organic ingredients include such chemicals as octyl methoxycinnamate and 
butyl methoxydibenzoylmethane. Organic materials can be combined to increase the 













1 Fig. 1.7: Examples of organic absorbers [25-27]. 
1.5 Evaluation of protection from UV – SPF 
Since the incidence of UV damage and mortality have increased recently, the sunscreen 
efficiency is now estimated by the sun protection factor (SPF) [28]. 
1.5.1 Method of determining the SPF 
The SPF can be defined as the ratio of the minimum dose of UV radiation between 290 – 
400 nm that is required to cause one minimal erythema dose (MED)’, in other words, 
required to cause minimal sunburn on skin that is protected by a dose of applied sunscreen 
of 2 mg /cm2 to an exposure resulting in 1 MED for skin that is unprotected by sunscreen. 
SPF is measuring globally standardized and approved measurement of the ability of a 
sunscreen to prevent erythema and protect human skin from risks that result from 
exposure to the solar spectrum.  
It is essential that SPF can provide a measurement of protection against erythema 
from UV radiation, that is, of the UVB part. It does not measure protection against UVA 
because UVB is more erythemogenic than UVA by about 1000 times. That is why 
protection against UVA has become a central concern, due to its dangerous effects on 
public health such as immunosuppression, photoaging, and photocarcinogenesis.  
Different techniques have been used to provide SPF-UVA measurements. The 
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growth of in-vitro methods has given us the ability to offer an analysis against UVA by 
using persistent pigment darkening, comparing protected and unprotected skin that has 
been irradiated for two hours in 30 J/cm2 of UVA [3, 29-32]. 
 
𝐒𝐏𝐅 =    
𝐦𝐢𝐧𝐢𝐦𝐮𝐦 𝐞𝐫𝐲𝐭𝐡𝐞𝐦𝐚 𝐝𝐨𝐬𝐞 𝐨𝐧 𝐬𝐮𝐧𝐬𝐜𝐫𝐞𝐞𝐧 − 𝐩𝐫𝐨𝐭𝐞𝐜𝐭𝐞𝐝 𝐬𝐤𝐢𝐧

















Fig. 1.8: (a) Illustration of SPF in terms of UV filtered by sunscreen to reduce the transmission 








  1.5.2 Issues related to SPF evaluation 
SPF is a widely used and popular term in sunscreen marketing. Several restrictions are 
connected to SPF that make it unhelpful when applied to sunscreen. Higher values based 
on competition between manufacturers may result in elimination of vitamin D production 
in the body, because the majority of sunscreens work in the UVB range and this is the 
range of production of this vitamin. Tests in vitro show higher performance than when 
there is exposure to real sunlight, which depends on source light, latitude, season, and 
exposure time during the day. 
The result is that the sun protection factor (SPF) test is used to compare the 
efficiency of sunscreen, instead of any information that could be provided about ultimate 
protection from the solar spectrum. As explained above, the method is empirically 
conducted in vivo, and therefore, SPF protects against the UVB spectrum that causes 
sunburn. The label SPF on the product indicates protection against erythema, for a 
volunteer after a dose for one time, but exposure to UVA requires a larger dose. That is 
why the SPF gives limited information on protection from UVA, which is the primary 
source that produces free radicals. It may even increase with increasing UVB filtering. 
According to the studies, the actual amount of sunscreen applied in practice ranges from 
0 – 1.2 mg cm2. This amount is less than the 2 mg cm2 that is used to determine the SPF. 
Therefore and for other reasons, the applied amount on the body could be reduced by 25% 
after 8 hours. Another issue is that the SPF number may change from one country to 
another. Recently, sunscreen products have been incorporated with antiphlogistic 
materials to relieve pain, irritation, and burning caused by exposure to the solar spectrum. 
 These ingredients, such as bisabolol, allantoin, aloe, and panthenol, are the main 
ingredients that can reduce inflammation and pain. These ingredients cause doubt if they 
are overestimating the SPF by decreasing erythema. That is why customers believed that 
there is an excellent protection level with these materials, because they lead to mask the 
signs of erythema when the body experiences UV rays, which leads to genomic and 
cellular damage. Therefore, researchers have asked the US Federal Drug Administration 
(FDA) to issue a complete warning against their use by manufacturers [3, 31, 33-36].  
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1.6. UV filters in modern sunscreens and their problems 
Various apprehensions exist with respect to current products for sun protection. These 
mainly relate SPF evaluation. Several factors affect the SPF evaluation, such as the light 
source, and must be taken into account in creating an SPF scheme. As discussed above, a 
high SPF does not need to imply high UVA protection, because it is enhanced to protect 
against UVB. Furthermore, there are problems due to the instability of current sunscreen 
components such as organic ingredients. This is because their ability to filter the UV rays 
may slow down or degrades over time when they are exposed to UV rays, leaving behind 
unknown toxic substances and free radicals, mostly containing carbon, which will lead to 
harmful effects on the skin.  
Additionally, the photocatalytic activity of modern sunscreen ingredients such as 
TiO2 and ZnO results in the generation of reactive oxygen species (ROS) when they are 
exposed to the solar spectrum, which is considered a primary threat to the skin. This 
exposure leads to a radical chain reaction causing mutations in the cells. Lastly, individual 
components of sunscreens may penetrate the top layer of the skin when the lotion is 
applied. Current studies claim that a good sunscreen that offers comfort and high safety 
would contain stable, nontoxic, nonphotoactive ingredients with high absorption in the 
UV range [3, 37-40]. 
1.6.1 Organic UV filters 
Organic UV filters are also called organic absorbers. Organic chemical absorbers include, 
for instance, ethylhexyl triazine, bis-ethylhexyloxyphenol methoxyphenyl triazine, and 
ethylhexyl methoxycinnamate, which are widely used in sunscreens and care products, 
especially ethylhexyl methoxycinnamate, which is incorporated in 90% of commercial 
recipes for sunscreens, although it is degraded after exposure to sunlight. These 
ingredients can absorb a high amount of incidence of UV rays.  
Hence, excitation to the high level of energy will occur, and this energy may be 
dissipated through a photochemical route such as the release of heat and isomerisation, 
leading to partial degradation of the UV rays that can be absorbed. These absorbers are 
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unstable and consequently degenerate into harmful composites that threaten the human 
skin. Furthermore, an increase in toxicity has been reported. Estrogenic activity reports 
have appeared for fish but still, but the situation remains unclear in the human body. Thus, 
photo-instability of the organic UV filters is the still main issue because it makes them 












1 Fig. 1. 8: Some organic UV filters [41, 44, 45]. 
1.6.2 Inorganic UV filters (TiO2 and ZnO) 
Inorganic UV filters have several features that make them more beneficial than organic 
filters, such as stability, and their non-irritating and broad spectrum properties. 
Nevertheless, the whitening effect of some sunscreen formulations due to their high 
refractive indices decrease their aesthetic appeal. Physical sunscreen based on metal 
oxides such as titanium dioxide and zinc oxide are currently widely used. They are 
efficient and photostable, enabling them to offer protection that extends to the UVA range 
as well as to the visible region. 
 These component provide absorption, scattering, and reflection of UV rays, 
which make them attractive in sunscreens, but they whiten the skin if large micron size 
oxides particles have been employed . Nowadays, microfine composites are used with 
particle sizes in the nanoscales range, which makes them transparent when applied on the 
skin. This will result in less whitening when the sunscreens are applied and they are 
14 
 
cosmetically acceptable. Generally, nanoscale or microfine TiO2 has absorption 
capability that is greater than in the range of UVB, because it can extend to the UVA 
range, unlike ZnO nanoparticles, which have absorption in the UV range, including both 
UVA and UVB, and other different advantages will be mentioned later on [11, 13, 14, 43, 
44, 46-51]. 
 
1.6.3 Photocatalytic mechanism and effects of doping with metals 
The photocatalytic properties of a semiconductor are affected by the electronic band 
structure of the semiconductor. Unlike a conductor; it has a valence band (VB) and a 
conduction band (CB), and the difference in energy between them is called the band gap 
(Eg.). The valence band has holes and electrons, and they are stable so long as there is no 
excitement. An incident photon leads to excitation of the semiconductor, provided that 
this photon has an energy that is equal to or larger than the energy of the band gap within 
the semiconductor.   
As a result, the photon energy will be transferred to an electron in that level 
causing an excitation of the electron from the valence band to conduction band. When the 
energy coming from the photon is greater than the energy of the band gap in 
semiconductor, the electron (e) will migrate to the conduction band and leave a hole (h) 
in the valence band. Within a short period of time, a recombination of this photogenerated 
e-h pair will occur on the surface or in the bulk of the semiconductor. Generally, this 
recombination of a photogenerated e-h pair will release energy that may be disposed of 
in two ways, heat or a photon. It is also possible for the photogenerated e-h pair to be 
transmitted to the semiconductor surface without recombination. Such pairs can oxidise 
and minimize the reactants that are adsorbed on the semiconductor particle. In the case of 
a nanoscale semiconductor, a large surface area is obtainable, and the photocatalytic 
reaction and surface adsorption will be improved[52] 
 The disadvantage of the photocatalytic reaction is that it makes the semiconductor 
capable of producing strong oxidant free radicals such as hydroxyl radicals, which can 
surround the excited holes and degrade various organic composites. The equations below 
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illustrate this reaction: 
Photocatalyst + hν → e− + h+                                                 (1.2) 
Adsorbed oxygen: (O2) ads +e
− → O2
−•                            (1.3) 
Ionisation of water: H2O → OH
− + H+                  (1.4) 
Protonation of superoxide: O2 
−• + H+→ HOO•    (1.5) 
HOO• + e− → HO2
−                                                (1.6) 
HOO− + H+ → H2O2                                                                      (1.7) 
H2O2 + e
– → OH− + OH•                                         (1.8) 
H2O + h
+→H+ + OH• [53]                                       (1.9) 
 
Where h is Planck’s constant and ν is the frequency of the incident photon. Essentially, 
there are three main routes for a photocatalytic procedure[49]. Firstly, generating e-h 
pairs, where the holes (h) result from the migration of electrons (e) from the VB to the 
CB due to the excitement of the semiconductor by absorbed incident light, if the energy 
of incident light is higher than the band-gap energy. Secondly, the photogenerated e-h 
pair which is produced in the first step will recombine either in the semiconductor bulk 
or on the surface, accompanied by the deposition energy in the form of either heat or a 
photon, with possible migration of the e-h pair to the surface of the semiconductor.  
 Finally, electron scavenging (A → A ̶) will be resulted from the reaction that 
occurs between excited electrons and molecules that are adsorbed by the semiconductor 
surface. Furthermore, powerful oxidizing products (hydroxyl radicals) will be generated 
via direct reaction with the adsorbed molecules, promoted by the semiconductor surface 
or surface hydroxyl groups (D → D +). Figure 1.10 show the three steps of the 























Fig 1.10: Mechanism of photocatalysis[52]. 
1.7 Mechanism of UV absorption in semiconductor  
When the incident photon energy is larger than the band-gap energy (Eg) of the 
semiconductor, the valence band will be excited and releases an electron to the conduction 
band, resulting in a disconnection between the hole and the electron, which leaves the 
hole behind. In this case, two terms should be known regarding the band gaps of 
semiconductors. Firstly, there is the direct band gap, which means that there is no change 
in the energy of the photoexcitation reaction because of the outgoing electron and results 
in preservation of the momentum of the material. Secondly, where there is an indirect 
band gap, the photoexcitation reaction will need to proceed with more energy because 
there is not sufficient energy, unlike the direct transition case. To acquire this energy, the 
incident photon and a phonon will combine to conduct this reaction. Therefore, a 
semiconductor with a direct band gap is more likely to absorb such a photon in 
17 
 
comparison to indirect band-gap semiconductors, and this is preferable. 
 

























Fig 1.12: Exciting an electron in a semiconductor that has a direct bandgap [56]. 
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1.7.1 Standard parameters affecting the absorption in UV protection 
                   application                                           
1.7.1.1 Band gap energy 
The energy band gap and wavelength are matched through the ultraviolet and visible light 
ranges. If the energy band gap is 3.1 eV the wavelength would have a maximum value of 
400 nm. For instance, a current semiconductor such as TiO2 and ZnO match with these 
values of photon energy; since their band gap energies are 3.2 and 3.2- 3.7 eV, 
respectively.  Most of the UV spectrum can be absorbed by semiconductors, regarding 
the inverse relationship between wavelength and band gap energy in addition to their band 
structure behaviour. The band structure can be stretched with decreasing nanoparticle 
diameter. Deformation in the band structure along with particle size reduction leads to an 
increased optical band gap [57-59]. A Tauc plot and the optical band gap can be seen in 






















Fig 1.14: UV- visible absorption and Tauc plot (inset) of commercial ZnO [61]. 
 
1.7.1.2 Energy gained 
The main feature of the semiconductor in UV protection applications is that it has multiple 
energy levels in the conduction band. These combined levels can make an electron within 
this layer capable of absorbing a photon from the UV region, which makes the potential 
absorption higher than for the organic materials because it offers separated energy levels. 
The photoexcitation reaction results in the emission of a photon. The migration of holes 
and electrons to the material surface leads to this emission through the recombination 
process. In this migration, however, the migrating e-h pairs will be involved in an 
oxidation process with the surrounding molecules, resulting in free radicals species (OH- 





1.7.1.3 Particle size of the metal oxide 
Scattering light is another feature of a metal oxide semiconductor, where metal oxide on 
the nanoscale features the absorption or blocking of UV rays that come from the sun. In 
the UV region along with the visible band, the wavelength of the incident photon will be 
much longer than the diameter of the nanosize particle, and therefore the conditions for 
scattering will occur. This scattering process is according to the Rayleigh scattering 
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 Where Ii is an unpolarized light source, r the particle radius, λ the wavelength of 
the incident light, n the refractive index, R the distance to the particle, a the molecular 
polarizability,  and θ the scattering angle. According to this relation, the scattering of the 
shortest wavelength has more intensity, and that is why blue scattering is dominant when 
light is scattered in the air from small particles. As a result small particles are more likely 
to be colourless as opposed to big particles when applied on the skin [63]. 
 
1.8 Do sunscreen products cause damage to human health?  
Concerns have been raised due to the potentially harmful effects of chemicals used to 
manufacture sunscreen products based on UV blockers. Recently, these products have 
therefore been questioned. 
1.8.1 Toxicity 
The skin and the circulatory system could be affected by the penetration of UV filters 
incorporated with other ingredients. Soluble organic UV filters are not affected by UV 
rays because of their dermal penetration of around 0.2- 4.5% according to in vitro studies. 
On the other hand, the insoluble ingredients are safer to use because they cannot penetrate 
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the skin, so they have no dangerous effects on the body [64-69]. Questions have been 
raised about older ingredients of sunscreens, however, particularly with respect to 
endocrine disruption. Generally, there is no evidence that UV filters cause endocrine 
disruption or affect human thyroid, despite their impacts on endocrine disruption 
according to various studies [65, 70, 71].  Furthermore, increased use of applied sunscreen 
products may lead to an adverse reaction in the skin and then increase potential systemic 
toxicity. UV filters in the form of lotions are likewise prone to being contact allergens 
and photoallergens [32, 72-77]. UV filters are regulated by official authorities, and there 
are approved charts for several countries, such as Japan, the EU, and the US. In these 
countries, evaluation of UV filters is based on the success of a strict toxicological safety 
assessment. In particular, these cover high toxicity, reproductive toxicity, carcinogenesis, 
sensitisation irritation, photosensitization and phototoxicity, subchronic toxicity, and 
subchronic, genotoxicity, photogenotoxicity, and nontoxicity. They confirm general 
support of UV filters that can be provided for human safety, whereas harm associated 
with UV radiation may result in equilibrium status. 
 
1.8.2   Actinic keratosis and squamous cell carcinoma  
The growth of actinic keratosis (AK), squamous cell carcinomas (SCC) and basal cell 
carcinomas (BCC) in immune- comprised organ transplant recipients could be reduced 
by regular use of a sunscreen as a UV protection strategy for a long time of exposure to 
this radiation. This is because sunscreen can prevent the formation of these problems 
resulting from regular UV exposure [78-80]. 
1.8.3 Melanoma 
Regular use of sunscreen may help to cause melanoma to consumers. There is no good 
explanation of relationship between using sunscreen and melanoma because of 
changeable factors that cannot be controlled, such as the sun exposure dose [81, 82]. In 
addition, frequent use of sunscreen products will influence the response to the dose. 
Therefore there is no association between them. In Australia as a unique situation, an 
explicit decrease in melanoma was noticeable after using sunscreen, as it retards the 
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formation of the primary melanoma and the overrun melanoma as reported recently[83]. 
Furthermore, it was found to delay the formation of melanoma in light-skinned 
children[84]. Thus, it takes a long time to detect the protective association, as will be true 
for a new generation of sunscreen[85, 86]. Melanoma is divided into several stages from 
(0) which is the lowest to (Ⅵ) which is the maximum. Fig. 1.15 shows the melanoma 













































1.8.4 Vitamin D 
The solar spectrum provides more than 90% of vitamin D, particularly UVB rays. 
Extensive use of sunscreens, especially those with a large sun protection factor (SPF) in 
recent years, has led to worries about the production of vitamin D that comes from 
sunlight on the body [87-93]. Lack of vitamin D leads to increased disease, because of its 
vast importance in protecting the human body against different diseases. Therefore 
photoprotection from using sunscreen can negatively affect the vitamin D level in the 
body, and additionally increase potentiality of the risky groups due to low exposure to 
daily sunlight, even in Australia [93-95]. Thus, there have been predictions that cancers 
may possibly increase. The association between cancer and vitamin D has been 
insufficiently demonstrated, however[96]. Marks et al.[89] Reported that there was no 
difference in vitamin D levels between recipients who applied sunscreen and those who 
did not. It was suggested that use of sunscreens does not lead to internal cancer risks, but 
damage to the skin would be increased without them. To avoid low vitamin D levels, oral 
supplements are recommended [97, 98]. 
1.9 Free Radicals 
Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are the main pro-
oxidants that occur naturally in our bodies. These pro-oxidants have a significant impact 
on human health and disease, as they have an essential role in biological processes. 
Scavenging these species via nanoparticle technology has become a starting point for the 
treatment of chronic oxidative stress. Nanoparticles in particular can be catalytically 
neutralised, as they have become widely used in recent years, from around 2000 tons in 
2004 to 58000 tons 2011-2020. The suggested implementation of new nanotechnology 
involves inhibiting these reactive species, particularly ROS, as they mediate damage that 
results from regular exposure to ionizing radiation such as UV radiation. This short 
wavelength radiation has high energy that can cause chemical changes through breaking 
chemical bonds, which can lead to health problems. These mainly involve chronic 
oxidative stress, which is associated with neurodegenerative diseases [43, 99, 100].  
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1.9.1 Free radical sources 
1.9.1.1 Exogenous sources 
 In modern life, there are many exogenous sources mainly, air pollutants, industrial 
wastes, and car exhaust fumes, which are the major sources of ROS and RNS. These 
sources are capable of giving rise to health problems, such as by inhalation, which is 
especially related to lungs, and they also cause damage to the skin with permanent 
exposure to these pollutants, such as car exhaust fumes, smoke from cigarettes, and 
industrial contaminants [101-104].  
Furthermore, anaesthetizing gases, narcotic drugs, and chemotherapeutic agents, 
which help ROS to promote apoptosis within cancer cells, are actively involved in the 
production of ROS. In addition, some sorts of chemicals, for instance, metal ions, 
quinones, nitroaromatics, phorbolesters, bipyridium, and chlorinated components can 
help to generate and increase oxidative stress and ROS levels, in particular, the harmful 
types of ROS [105-112]. Moreover, ROS can be created by ionising rays such as UV rays, 
X- rays, and non-ionizing rays in the electromagnetic spectrum that have high energy but 
insufficient energy to release electrons from atoms or molecules. Steady exposure to this 
kind of ray leads to a chain reaction, resulting in decomposition of H2O in the cell and 
then the release of free radicals. In other words, the incidence of such a photon will result 
in OH˙ and H˙ through realising the release of e- and H2O
+ when the water is ionised 
within the cell. These rays can lead to the indirect production of ROS and oxygen 
derivatives. 
Figure 1.16 illustrates the free radical reaction[113, 114]. UV spectrum from 
sunlight is another source of free radicals. Daily duties, especially outdoor activities, 
allow the individual to be exposed to a large amount of this radiation. This radiation can 
generate various free radicals indirectly  [115, 116]. Finally, there are potential concerns 

















Fig 1.16: Reaction pathways of free radicals, with ionising radiation and with irradiated water 
[114]. 
 
1.9.1.2 Endogenous sources 
Mitochondria are the primary sources of ROS generation. Nutrients and oxygen in the 
cell will suffer a conversion process into adenosine triphosphate by these cellular 
organelles. This conversion is done via an oxidative phosphorylation reaction. The 
mitochondria are the power centres of the cell that can do this conversion through this 
reaction[117]. Metabolic activities in the cell can be carried out via the aerobic respiration 
route, which electron transport chains in the mitochondria.  
This process needs oxygen to be conducted, and therefore, adenosine triphosphate 
is used. Through this process, exclusively transport electron chain process, ROS, O2˙ ̄, 
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H2O2, and  OH
 ̄ will be generated [118, 119]. Around 1-2 % of mitochondrial oxygen will 
be involved in this process, in addition to about four electrons. Concerns have been raised 
due to the increase in ROS generation as the cell ages and the mitochondria in the cell. 
Health problems could occur as a result of this generation such as from oxidative stress, 
and this, in turn, leads to damage to and impairment of membranes as a result [120-123]. 
NO˙ can result from less oxygen provided to tissues, which can regenerate RNS and ROS 
through the respiration route to electrons [124]. ROS with two electron transport chain 
(ETC) components, (Ⅰ, Ⅲ, reduced nicotinamide adenine dinucleotide (NADH), and 
ubiquinone-cytochrome C reductase), can be generated from specific enzymes that also 
act as biomolecule catalysts, and O2
• will also come from this source as a result of the 
electron transport chain. Leukocytes are also considered a main source of ROS, in 
addition to other sources such as intracellular enzymes, for instance, xanthine oxides, 
lipoxygenases, cytochrome p450, and nitric oxide synthase [125-129]. Heme groups, 
metal storage proteins, and iron sulphate clusters release ROS through the Haber-Weiss 
process. Free radicals can also be generated as a by-product of cellular metabolism. 
Therefore, regular production of ROS can cause over ~200 diseases. It is very important 
to know their effects on our health, and this can make pathology more essential [130-
132]. 
 
1.10 Thesis outline  
There are several aims for the research conducted in this doctoral thesis. The following 
aims are focused on investigating the features of prepared UV A materials based on doped 
ZnO or ZnO composites. In addition to the original materials. This thesis has also focused 
on mass production of low-cost materials by scalable methods to increased the 
commercial potential for such research. The objectives of this doctoral thesis are 
summarized below: 
• To design and fabricate non-photocatalytically active UVA blocking materials based on 
doped ZnO and ZnO composites. 
• To study the presence or absence of photocatalytic mechanisms in these novel materials. 
• To explore the effects of particle morphology and size for optimum UV absorption and 
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the absence of ROS generation. 
• To explore industry-applicable and cost-effective methods for the large-scale synthesis 
of such materials. 
The chapters in this thesis are described below: 
Chapter 1 presents background information on organic and inorganic nanomaterials as 
well as UV filters that are incorporated within sunscreen products as well as to cosmetics. 
There are details of current encouraging developments that can lead to advances in the 
research on these materials.  
Chapter 2 presents a detailed literature review with a historical overview of ZnO. This 
chapter is divided into different topics to cover the recent discoveries regarding the 
inorganic materials that can can scavenge the generated free radicals from in-vitro and in-
vivo procedures. These methods are able to potentially provide agents with good 
productivity and effective protection against different of UV radiation. Furthermore, it 
contains a review on UV rays and their dangerous effects on human health. Finally, the 
problems related to current sunscreen products and SPF rating will be discussed. 
     
Chapter 3 describes some details of the chemicals and materials selected to perform the 
thesis work as well as to the procedures and methods that were used to fabricate materials 
in this study. Then, the different characterisation techniques for the prepared materials to 
investigate their morphology, crystallinity, and elemental properties will be described in 
this chapter, followed by some technical details and the background for each method. 
 
Chapter 4 presents the in-situ fabrication of spherical nanoparticles of ZnO doped with 
sodium via the sol-gel method as well as nanoparticles synthesised by the solvothermal 
method. The UV blocking properties and optical properties of the fabricated 
nanomaterials are investigated and additionally the effect of Na. 
 
Chapter 5 covers the experimental design of a nanocomposite of ZnO/CeO2 fabricated 
by the precipitation method. This method provides materials with high UV absorption 
and the capability to scavenge generated free radicals with less toxicity.  
 
Chapter 6 presents a conclusion on the results of this thesis work for the whole thesis.   
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 Literature Review 
 
Recently, TiO2 and ZnO have received significant interest as essential ingredients in 
sunscreen, which is related to their properties promoting broader absorption of the UV 
spectrum, lower toxicity, and superior physical/chemical stability compared to classical 
organic UV absorbers[47]. Excellent UV absorption and transparency in visible light are 
the main properties that should be possessed by materials that need to be applied on the 
skin as well as a natural appearance on the skin without giving an overly pale white look 
[2]. There are disadvantages of TiO2, however, that make it less desirable, such as high 
photocatalytic activity [133] when absorbing UV radiation, which, in turn, will harm the 
human skin when applied and affect the photostability of the cosmetic materials, and a 
high refractive index, which can make a face look unnaturally. Therefore, ZnO has 
aroused interest due to its small refractive index (2.0) in comparison toTiO2 (2.4–2.7), 
giving ZnO high transparency in visible light and UV-light shielding functionality [47]. 
2.1 About ZnO 
ZnO or zincite has been used in different fields over the last 100 years, such as ointments, 
decorative paints, and industrial and artistic applications. Due to its white appearance, it 
is also called Zinc white. Therefore, it has been used for different fields before. It is only 
since roughly the 1930s that studies have been focused on ZnO [(Pauling 1927]. Its crystal 
structure, specific heat, and ionic radii were investigated in this period. It is an inorganic 
compound that naturally occurs in a crystalline form, although synthetic methods are used 
to fabricate commercial ZnO. Due to manganese impurities, it also can be coloured red 
or orange. It is usually insoluble in water. Furthermore, it is a semiconductor with a wide 
band gap that is formed between elements in groups II and VI. Because of oxygen 
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vacancies, it appears n-doped, which allow it to have good transparency. Apart from its 
wide band gap, its main features include high electron mobility and luminescence at room 
temperature. [134-137]. Therefore, due to these novel features as well as the stability of 
the wurtzite structure, it can be used in several applications such as electronic applications 
and electrodes, in addition to heat-protecting and energy saving windows[138]. Thus, it 
is a significant compound in recent technology. ZnO can be used in sensors and 
mechanical actuators due to its properties, particularly its pyroelectric and piezoelectric 
features, which are related to its poverty in wurtzite symmetry centres and mutuality with 
huge electromechanical conjugation.  
Furthermore, its wide band gap of 3.37 eV makes it suitable for applications at 
short wavelengths such as UV protection and optoelectronics[139]. With high exciton 
binding energy at around 60 meV, its excitonic emission at normal temperatures would 
be adequate. UV luminescence at room temperature has also been investigated on the 
nanoparticle scale[140]. Conductive ZnO can be fabricated via doping due to its 
transparency in the visible range. Lastly, the many-sided applications of ZnO make it a 
novel compound, which could be used in UV light emitters, piezoelectric devices, 
chemical gas sensors, and transparent electronics [141-143].  
2.2 Potential applications of ZnO 
Recently, ZnO has been received significant attention due to its low-cost group II-VI 
constituent elements, which make it  adirect and wide band-gap semiconductor with band-
gap energy, Eg = 3.22- 3.37 eV, in addition to its large exciton binding energy of about 
60 meV[144]. Therefore, it is widely used in different applications such as in photodiodes 
and UV light emitting devices, solar cells, electroacoustic transducers, sensors, gas 
sensors, UV absorbers, sunscreens, photocatalysis, anti-reflection coatings, and 
catalysts[9], for which it has been a promising nominee[144]. UV protection is only one 
of the interesting applications that can be offered by ZnO nanoparticles, but an important 
one due to its association with daily life. Therefore, it has been attracting more and more 
attention. Undesirable health effects, such as acceleration of skin ageing, photodermatosis 
(acne), erythema (skin reddening), and skin cancer are likely results of long-term 
exposure to UV light, So, its high UV suppression property[9] and strong UV visible 
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photoluminescence make ZnO attractive.[144]. There are different ways reported in many 
studies that reveal how UV rays could be blocked or degraded. Young-min Im et al. 
reported in 2015 that the greatest UV blocking ability was observed after adding 
surfactants such as hexadecyltrimethylammonium bromide (CTAB) and 
polyvinylpyrrolidone (PVP) to the nanoparticles of ZnO as capping agents in the 
skin/core fabrication method to control the size of the nanoparticles. Thus, zinc oxide 
(ZNO) skin/ polyvinyl alcohol (PVA) core composite nanofibers showed the greatest UV 
blocking ability [5]. Additionally, Hadj et al. 2014 reported that there was up to 97% 
degradation in the photocatalytic activity of ZnO, when ZnO was doped by alkali metals 
(Li, Na, K). The test for photocatalytic activity showed good photocatalytic activity of 
the synthesized materials with a degradation rate of 97%.[145]. 
 
2.3 .Physical properties of ZnO 
2.3.1. Structural properties 
Generally, ZnO is single crystalline and exhibits the hexagonal wurtzite (B4) crystal 
structure. The ZnO nanowire structure such as in this work could be observed by X-ray 
diffraction (XRD), scanning electron microscopy (SEM), and transmission electron 
microscopy (TEM). Studies related to the structure and morphology possessed by  ZnO 
that were were done by XRD, TEM[48] and SEM [146]  have shown that[48] there are 
two main forms in which ZnO crystallizes, cubic zinc blende and hexagonal wurtzite 
[146]. 
The hexagonal unit cell of wurtzite ZnO has two lattice parameters, a and c, and 
it belongs to the space group C46v or P63mc. The structure is composed of two 
interpenetrating hexagonal closed packed (hcp) sublattices, in which each consists of one 
type of atom (Zn or O) displaced concerning the other sublattice along the threefold c-
axis. This can be explained schematically as many alternating planes stacked layer-by-
layer along the c-axis direction that are composed of tetrahedrally coordinated Zn2+ and 
O2−.[147]. The crystalline nature of ZnO could be indexed to known structures of 
hexagonal ZnO, with a = 0.32498 nm, b = 0.32498 nm, and c = 5.2066 nm. The ratio of 
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c/a of about 1.60 is close to the ideal value for a hexagonal cell, c/a = 1.633, This is shown 
by Fig. 5a and b in [146]. The non-centrosymmetric structure results from the tetrahedral 
arrangement of ZnO, and therefore, each anion in wurtzite hexagonal ZnO is trapped by 
four cations at the tetrahedron corners, and hence, it exhibits sp3 covalent-bonding. The 






































Fig. 2.2: The wurtzite unit cell[146]. 










2.3.2. Optical properties 
Based on photoluminescence (PL), Raman spectroscopy[48], and UV–visible 
absorption spectroscopy, The optical properties of ZnO modified and unmodified 
nanoparticles (NPs) were found to be different[144]. 
2.3.2.1. UV-visible absorption 
ZnO is transparent in the visible region, but it shows strong absorption in the UV 
range for wavelengths under 365.5 Å[148], and usually, stronger absorption than for 
other white pigments,  therefore it appears white in this region. The ZnO band gap of 
3.2 eV is identified with the wavelength of 365.5 Å, and ZnO is photoconductive with 
respect to UV light. New-generation devices of modified ZnO are possible because 
of the excited optical and semiconductor properties that can result. In conclusion, 
these essential optical properties of ZnO and its derivatives are being extensively 
researched for photonic devices. When nano ZnO is modified by different materials 
such as by doping or synthesis as a composite, the absorption of the modified 
materials in the UV-visible region may be enhanced. The absorption in UV–visible 
spectra of pure PVA, Nano ZnO, and PVA–ZnO nanocomposites was recorded by 
using a double beam Cary 5000 UV–Visible spectrometer, and the results are shown 






Fig 2.3: Absorption spectra of (a) pure PVA; (b) Nano ZnO; (c–f) PVA–ZnO nanocomposite 
films[144]. 
 
As can be seen in the figure, the absorption of PVA–ZnO nanocomposites in the 
UV–visible range was enhanced [144]. Furthermore, the absorption in the visible zone 
will be positively affected by metal doping. The absorption amplitude of UV-light for 
ZnO doped with Al, Fe, and Cu was found to reach around 80–90%, which is a very 
high percentage, slightly higher than for undoped ZnO. The undopedZnO powders 
exhibited a broad and intense absorption peak at around 200–400 nm, as shown in 
Figure 2.4, with its maximum at 372 nm, all of which will make ZnO good and 





Fig. 2.4: UV–visible absorption spectra of undoped and metal-ion-doped ZnO samples.[47] 
 
2.3.2.2 Photoluminescence 
Researchers have widely reported the photoluminescence spectra of ZnO, and the 
excitonic emission of ZnO nanorods was also observed. In addition, the exciton binding 
energy can be enhanced by reducing the size of ZnO to the quantum limit[149]. Band to 
band transitions and green-yellow emissions can be observed because of their extensive 
emission at 380 nm – 382 nm. Therefore, oxygen vacancies were investigated. Different 
optical properties are expected when doped nanostructures are compared to undoped 
nanostructures. Raman Yousefi et al. in 2012 revealed that when Li, Na, and K are doped 
into ZnO, the PL spectra of the NPs show a strong peak in the UV region at 382 nm, as 
shown in Figure 2.5. The PL spectrum of the undoped ZnO NPs shows a stronger green 
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emission peak than the UV emission peak. This result indicates that the optical quality of 
doped ZnO NPs is greater than for undoped ZnO NPs, as shown in the absorption 
spectrum in Figure 2.4 [48]. The ZnO photoluminescence is a promising for applications 
related to UV emission. The high refractive index of ZnO (⁓2.0) and its cylindrical or 
near-cylindrical structure make ZnO a candidate for making optical waveguides, 
particularly in the form of nanowires and nanorods. Furthermore, the radiative efficiency 
of ZnO can be enhanced by substitutions, improving the state density at the band border, 
whereas the lasing threshold will be reduced by excitonic recombination. [150, 151]. 
Great improvement of optical waveguides has been achieved. More recently, ZnO 
nanowire has been mentioned as a prospect for subwavelength optical waveguides. With 
all these outcomes, it is clear that ZnO is promising for building integrated optoelectronic 
circuits for photoluminescence applications. [152]. 
 
Fig. 2.5: (a) PL spectra of the undoped and Li-, Na-, and K-doped ZnO nanoparticles. (b) Red-







     2.4 Recent progress on modification of the photoactivity of ZnO 
Our lives and environment could be threatened by the harmful effects of UV, particularly 
with increasing outdoor activities. Therefore, it is imperative to enhance and create 
effective blockers for UV shielding, which can result in more comfort and safety by 
reducing the dangerous effects. One of the most effective UV blocking agents is ZnO 
nanoparticles [153]. Inorganic sunscreen in the form of zinc oxide nanoparticles is 
extensively used in commercial sunscreen formulations[50]. Nevertheless, the 
development of ZnO-based UV shielding ingredients is currently impeded because of the 
perverse impact of applied ZnO due to its ingrained photocatalytic activity [153].  
Due to the high refractive index of ZnO, the skin can look unnaturally white when 
ZnO is included in sunscreen products. Moreover, its high photocatalytic activity enables 
reactive oxygen species to be generated. Consequently, other components in the 
sunscreen may be oxidized, degraded[50] and specifically, could be made more toxic, so 
that, as a result, DNA can be affected and cause skin cancer[12], raising safety concerns. 
To inhibit these complications, developing a safe, stable, inorganic ZnO sunscreen with 
greater ability to absorb UV rays, will be required, but needs research [50]. 
Increased ROS and loss of equilibrium of cellular redox reactions can enhance 
carcinogenesis and cause precocious aging because the ROS are part of standard 
regulatory circuits, and antioxidants strictly dominate the cellular oxidation. From the 
above it is clear that there is a serious relationship between the generation of ROS due to 
exposure to solar radiation and human non-melanoma skin cancer. In conclusion, a 
decrease in the amount of ROS amount by effective sunscreens is required. Therefore, 
protective agents are required, which may offer a promising strategy to inhibit or reduce 
ROS[12].  
Several studies have been conducted to reduce the photoactivity of ZnO 
nanoparticles and to generate ROS via surface modification and impurity doping [153]. 
Zinc oxide (ZnO) nanoparticles were prepared via various routes such as hydrothermal, 
Solvothermal, co-precipitation, and sol-gel processes. Indeed, different parameters, such 
as those that determine the crystal structure, morphology, and optical properties, play an 
essential role in changing the photoactivity towards either enhancing or decreasing it, 
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through changing the recombination of photogenerated electrons-holes and the band gap. 
It is the increase or decrease in these parameters that leads to this change in photoactivity. 
Recently, ZnO has been successfully doped with various impurities such as Ce, La, Co, 
Mn, Al,  Li, Na, K, and Cr via different routes such as simple and facile one-pot water 
baths, and the co-precipitation, hydrothermal, solvothermal, combustion, and sol-gel 
methods. ZnO with these impurities showed high photocatalytic activity compared to pure 
ZnO. The results showed a strong absorption in the visible region, wide band gaps, high 
surface areas, and large pore volumes, which lead to inhibition of the recombination of e-
h pairs and therefore increase photocatalysis [47, 145, 154-159]. 
 Some studies reported that ZnO photocatalytic activity had been decreased 
successfully, however, by doping ZnO with different metals, such as Co, Mn, Ni, and N, 
via co-precipitation, sol-gel, and solvothermal processes respectively. These metals 
modified the cell volume, reduced crystallinity, and then decreased the particle size of 
ZnO, which led to increased structural defects, which could act as recombination sites to 
promote e-h recombination by creating deep levels in the band gap, which leads to the 
loss of or reduced opportunity for creating degenerate ˙OH and O2
̄ free radicals due to 
charge carriers on the surface. This then reduces photoactivity. The doped ZnO also 
showed good absorption in the UV range with transparency in the visible region [153, 
160-163].  
In addition, group-I element-doped ZnO NPs were synthesised successfully by a 
sol-gel method. The PL results showed a sharp peak in the UV area and indicated that 
group-I elements can reduce oxygen vacancies in the ZnO lattice, which makes ZnO 
appropriate for incorporation in sunscreen[48]. The development of ZnO semiconductor 
as a safe, comfortable material in sunscreen products has been of interest, as has the 
doping strategy that we mentioned above and the results of previous studies[47]. The 
strategy of synthesising core/shell, composite nanoparticles has received considerable 
attention recently, because of its good performance in the suppression of photoactivity 
and the complex effects of the different elements when they are applied in this way.  
Different methods have been used to fabricate core-shell or nanocomposite 
systems, which are regarded as promising in a number of ways, but one of the main ones 
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is protecting against risks of UV radiation[164]. Recently, surfactants and capping agents 
have been added onto the ZnO to reduce its photocatalytic activity. Some studies have 
claimed that photoactivity could be generally increased, and it was explained that this was 
due reducing the recombination of e-h. Studies by Taufik et al. [165], Sarvanan et al. 
[166], Nidhi et al. [167], and Ponnusamy et al. [168] showed that the photocatalytic 
activity of ZnO/CeO2 nanocomposite was enhanced. These composites were prepared 
successfully via sol-gel, thermal decomposition, and precipitation methods. On the other 
hand, different studies demonstrated that the photocatalytic activity of ZnO could be 
successfully reduced, so that it could be used in UV protection applications.  
The photoactivity was reduced effectively because the coating process enables the 
coated substances to capture the e-h pairs that are generated when the UV rays strike the 
material, thus reducing photoactivity. Young-min Im et al. reported that the greatest UV 
blocking ability was observed by added surfactants such as 
hexadecyltrimethylammonium bromide (CTAB) and polyvinyl pyrrolidone (PVP) to the 
spherical nanoparticles of ZnO as capping agents in the skin/core fabrication method to 
control the size of the nanoparticles. Thus skin (ZnO)/core (PVA) pair composite 
nanofibers showed the greatest UV blocking ability. This composite was synthesised by 
the hydrothermal and sol-gel processes[5]. Furthermore, Shafie et al. have shown that a 
ZnO/carboxymethyl chitosan bionano composite that was prepared by the precipitation 
process offerred good UV protection as a UV absorber and good antibacterial[9]. Ruoyu 
et al. also found that the surface modification of ZnO with oleic acid and SiO2 led to a 
reduction in the photocatalytic activity of ZnO[169]. This feature, as shown by the results, 
was improved with increasing composite content.  
Good dispersion is a significant factor in achieving a good surface for the modified 
material to decrease photoactivity. Hong et al. demonstrated that the photocatalytic 
features of ZnO could be reduced effectively via depositing polystyrene on the surface 
through the precipitation technique to enhance its dispersion[170]. Surface modification 
of ZnO has been used to study its antibacterial and antifungal properties. Deepali et al. 
reported that modifying fine nanoparticles of ZnO with NaOH appears to give it 













Fig. 2.6: TEM images of different structures of fabricated ZnO with different aspect ratios [172]
   
2.5 Essential methods for fabricating ZnO Nanomaterials 
2.5.1 Hydrothermal reaction 
The hydrothermal term comes from geology [173-175]. It was first described by Sir 
Roderick Murchison [174]. K. Byrappa and M. Yushimura have proposed a general 
description of this reaction, which is ‘‘any heterogeneous chemical reaction in the 
presence of a solvent (whether aqueous or non-aqueous) above room temperature and at 
a pressure greater than 1 atm in a closed system’’. Although the definition promotes 
agreement on describing any hydrothermal process, the field of study plays a significant 
role in this description[173, 174].  
For instance, the expression “Solvothermal” refers to the solvent or type of solvent 
which is used to carry out the reaction. 1839 represent the preliminary start of the 
hydrothermal process, first proposed by R. W. Bunsen, and after that in 1845, E. 
Schafhaut also used this synthesis method, although before that, it was used by geologists 
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to determine the formation of metamorphic rocks and minerals[173]. The chief 
characteristics of hydrothermal reactions are that they can be conducted at low 
temperature, are low-cost, effective in fabrication, pure, and well crystalline, in addition 
to control of the size. The morphology can be created directly, even in a short time.  
This is an appropriate method to obtain submicrometric and nanoscale samples. 
In general, temperatures higher than the boiling point of water and high pressures are used 
to conduct these reactions, which break down the minerals that are involved in aquatic 
solvents and recrystallise the substances. This route needs water and minerals to enhance 
solubility [133, 173, 174, 176]. Hydrothermal reaction provides a chemical process for 
the preparation of well-defined oxide nanostructures at quite low temperatures around 
(100 – 250 °C) for two hours. The chemical reaction will be enhanced, as mentioned, due 
to the great pressure that is delivered by the Teflon that lines the autoclave. These 
conditions of this route will provide a potential way to prepare highly crystalline 
structures.[133, 177-182] . As this method is mostly the same as Solvothermal reaction 
please see the Figure 2.4 which illustrate the reaction process.   
 
2.5.2 Solvothermal method 
This reaction is mostly the same as the hydrothermal reaction, except that a non-gaseous 
solvent will be used. Nevertheless, the applied temperature would be higher than in the 
hydrothermal reaction. While various mineral could be used, these minerals tend to have 
a high boiling point. This method is better than the hydrothermal method in terms of 
controlling the particle size, morphology, and crystallinity, which is because of the 
solvent. According to the studies, this route is a practical and helpful technique for 
fabricating various nanoparticles with varying sizes and distributions [133]. See Figure 




2.5.3 Sol-gel method 
This method was first  used in the 1950s and 1960s by Roy and co-workers to fabricate 
unique ceramic materials[183]. The sol-gel reaction has been mostly used due to its 
fundamental outcomes for new ceramic materials in terms of high purity and 
homogeneity. This method is a versatile route and makes it possible to manufacture 
different ceramic substances [133, 183-185]. In a representative reaction, a colloidal 
solution is created as a result of hydrolysis in addition to the polymerisation reaction. 
Organic composites or inorganic metallic salts can be used. Alkoxide groups are the main 
precursors in this route, such as ethoxy (OCH2CH3), sec-butoxide (H3CO (O) C3H6), 
methoxy (OCH3), and n-propoxy (OCH3 (CH2) groups. In this reaction, the liquid will be 
transformed into a gel material. Thus, a thick ceramic results after treatment of the wet 
gel with heat[133, 184]. The organic and inorganic chemicals, pH, and water volume, as 
well in the starting chemicals, are the main parameters that control the generated 
materials, which can affect the hydrolysis and concentration percentage in the 
reaction[185]. In this process, the low and moderate temperatures are generallys applied. 
[186]. Figure 3.2 shows the schematic diagram of this route.     
 
2.5.4 Precipitation method 
The precipitation reaction is a broadly and successfully used technique to fabricate 
various ceramic structures, because it provides repeated features in the resulting 
materials[187]. In this method, the raw solution can be reduced in a fast automatic way, 
where a reducing agent will be used to carry out this reaction. Therefore, particular 
dimensions of growing particles will be restricted. Then the precursors will finally 
precipitate from the reaction solution. In the next step, the precipitated precursors will be 
treated by temperature and grinding to remove impurities accompanying the resultant 
materials. The precipitation method is a scalable technique, and thus, it has been 
developed to produce nanoscale structures.  Several factors control this process, such as 
time, pH, and the temperature of precipitation.  The main fundamentals of this route are 
that it is a low-cost method which does not need expensive raw materials to conduct the 
44 
 
reaction. Also, various sizes can be obtained as mentioned above. Furthermore, low 
temperature and pressure are used compared to other methods. As a result, it provides a 
high-volume and accessible way to produce such products. [188-190] 
2.5.5 Spray pyrolysis 
This method is an efficient way to fabricate in-situ spherical particles via pyrolysis of tiny 
droplets of solution of chemical compounds including cations various elements at high 
temperature. A dust consisting of particles several microns in size is produced in this 
reaction via the nozzle and the ultrasonic nozzle with ultrasonic transduction. Hollow 
sphere constituents are produced as a result of precipitation, which will occur close to the 
surface of the drop due to low solubility and rapid vaporization. While the high 
temperature required is related to less detention time of the drops, high and increasing 
saturation will be needed to synthesize hollow spheres, and all this reaction will occur 
before the solvent vaporizes at the surface of the drop. It is not necessary to model to 















     
 Experimental Techniques 
 
Firstly, this chapter clarifies the experimental details involved in the synthesis of the 
different nanoparticles and nanocomposites presented in Chapters 4 and 5 in section 3.1. 
Then section 3.2 shows general schematic for the characterizations that were used. 
Section 3.3 displays the procedures and methods that were used to synthesise the 
materials based on ZnO. The various characterization techniques that were used to reveal 
properties, such as morphological, elemental, structural, optical, and chemical properties 
of the products, will be outlined in section 3.4. A short background for each subsection is 
presented to illustrate the physical characterization technique followed by the technical 









3.1 Materials and chemicals 
The table below shows the details of chemicals and materials that were used over the 
course of this thesis work. Sigma Aldrich Chemical Company Pty. Ltd. mostly supplied 
the chemicals and materials.  
 















3.2 Experimental procedure  
Different methods have been used to synthesize novel materials. Fabricated materials 
were involved in several tests such as those for photocatalytic activity and 
photostimulation. UV-visible measurement has been conducted to measure the absorption 
of prepared materials in addition to diffraction to measure to band gap that been resulted 
from preparation. The overall experimental procedure is illustrated in the scheme below. 
 
























Fig. 3.1: Schematic diagram of experimental procedures. 
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3.3 Synthesis procedures 
Cost-effective routes were chosen, which could be scaled up for industrial application. In 
this thesis work, commercial ZnO nanoparticles were used, and Na doping of ZnO 
nanoparticles was carried out using sol-gel and Solvothermal methods. Furthermore, 
commercial ZnO nanoparticles and CeO2 were used out to fabricate a composite of 
CeO2/ZnO via the precipitation method.  
 
3.3.1. Na doped ZnO nanoparticles by the sol-gel method 
Zinc acetate dihydrate Zn(CH3 COO)2·2H2O, 99.999% was used as a source of Zn, and 
sodium nitrate NaNO3, ≥ 99.0% was used as the source of Na. Ethanol amine C2H7NO, ≥ 
99.5%, was purchased from SIGMA ALDRICH along with the previous chemicals and 
used to synthesize Na doped ZnO. 
 
Firstly, 0.25 M of each starting material was prepared, and then they were separately 
stirred and dissolved in ethanolamine (10.975 g of zinc acetate dehydrate in 200 ml of 
ethanolamine and 0.424 g of NaNO3 in 20 ml of ethanolamine). Secondly, specific 
quantities of the two resulting solutions were mixed in a beaker, so as to achieve Na 
doping levels of  0.03 and 0.05 at%, and stirred using a magnetic stirrer at temperatures 
ranging from 60-80oC for 120 - 190 min. Finally, the gelatine product obtained was 
calcined for two hours at 500°, and then the samples were ground for characterization, 
see figure 3.3. Figure 3.2 presents a schematic diagram of the sol-gel method that was 






 3.3.2. Na doped ZnO nanoparticles by the Solvothermal method 
Zinc acetate dihydrate Zn(CH3 COO)2·2H2O, 99.999%, used as the source of Zn, and 
sodium nitrate, NaNO3, ≥ 99.0%, used as the source of Na, were purchased from SIGMA 
ALDRICH and these materials were used with methanol to synthesize Na doped ZnO.  
Initially, 0.25 M amounts of the prepared materials were separately stirred and dissolved 
in methanol, That is, these same amounts above of zinc acetate dehydrate and sodium 
nitrate were prepared in 200 ml and 20 ml of ethanol, respectively, and the same dopant 
amounts were also used. Then, the solvothermal process was conducted thermally in a 
stainless steel vessel in a vacuum drying oven (VDO-30 CH), and the samples were held 
at 180° overnight and cooled down to room temperature. Finally, the milky solution was 
centrifuged at 11,000 rpm for 10 minutes. The supernatant was then poured off. 25 ml of 
water was then added into a 50 ml centrifuge tube and shaken forcibly to re-mix the 
product which was placed in the tubes. So, the remaining solid material was washed, and 
it was then ready for a second washing. The used centrifuge tube was filled again up to 
50 ml and shaken, sealed, and then placed in the centrifuge to rotate at 11,000 rpm for 10 
minutes. This method was repeated at least four times with the tubes filled up to the 50 
ml line, except that the last time was conducted using ethanol instead of deionised water. 
Then the solid material was dried at 80 °C in a furnace (Binder, Tuttlingen, Germany) 
overnight. 
  
Now, the solid materials were allowed to cool and ground with a mortar and pestle 
to make a powder for use in characterisation. The next step in the preparation was the 
annealing of the product.  Around 2 mg of solid powder was placed in a ceramic boat and 
put into a tube furnace. After calcination for 2 hours up to 500 °C , the resulting powder 
was white in color. These samples were then ready for testing and characterization, see 
figure 3.5. Figure 3.4 presents a schematic diagram of the Solvothermal method that was 
used in this thesis work. Table 3.2 shows the preparation conditions for the samples 










Table 3.2: Conditions of the prepared samples for sol-gel and Solvothermal methods. 
Method Sample  
 Label 
  Zn 
(at %) 
 
  Na 
 (at %) 
   Oven 
temperature 
(Co)      
Annealing   
temperature 
(°C)     
Annealing                  
time (h) 
Sol-gel Undoped 100  0      500     2 
Sol-gel  Sg1  9.97  0.03           -     500     2 
Sol-gel  Sg2  9.95  0.05           -     500     2 
Solvothermal Undoped 100  0         180     500     2 
Solvothermal  Sv1    9.97  0.03         180     500     2 



















































3.3.3. Synthesis of ZnO/CeO2 Nanocomposite  
The core-shell nanocomposite particles of ZnO/CeO2 will be discussed in Chapter 5. 
These particles were fabricated by the thermal precipitation route. Commercial ZnO 
nanopowder was used as the core, and the nanoparticles were coated with cerium acetate 
hexahydrate, which reacted with the base to form the shell. The resultant anocomposite 
particles were in the range of ≥ 60 nm. ZnO Nanopowder, ≥98%, Cerium nitrate 
hexahydrate Ce (NO3)3·6H2O, 99%, Ammonium hydroxide, NH4OH 28%-30%, NH3 
base, and Hydrogen peroxide H2O2, 30%,   were used in this reaction, and all were 
purchased from Sigma-Aldrich. In addition, deionised (DI) water was used through this 
process. The core-shell composite nanoparticles of ZnO/CeO2 were prepared via a 
thermal precipitation technique which reported by Cardillo [200]. 
Separately, three suspensions of 0.2 mg commercial ZnO was suspended in in a 
sonication system within a volumetric beaker in 50 ml DI-water for 5 hours. Moreover, 
solutions of 0.019985 mg, 0.041021 mg, and 0.086601 mg cerium acetate were dissolved 
in DI-water up to 50 ml, also in a volumetric beaker. The variation in the amount of 
cerium acetate was applied to obtain various stoichiometric ratios of ZnO/CeO2 which 
were 2.5%, 5%, and 10%. The table below shows the amounts used in this procedure. 
Now, the two solutions were mixed in one 200 ml glass beaker, but the real volume was 
100 ml for the final solution. The new solution was stirred for 1 hour at room temperature 
using a magnetic stirrer. Then, the temperature was raised to 80 °C. After 30 min of 
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heating and stirring the Ammonium hydroxide solution (NH4OH, 28%-30%), was added 
gradually to the mixture with a drop every minute up to 2 ml. The pH of this solution was 
now stable at 9. There was slow precipitation while the solution was stirred magnetically. 
After four hours, the hydrogen peroxide (H2O2, 30%) solution was also added 
gradually with a drop for each minute up to 2 ml. After the addition of H2O2, the reaction 
was continued for another hour. After adding the H2O2, the reacted solution acquired a 
yellow colour, which differed according to the amount of cerium acetate. The reaction 
time was now five hours since the addition of NH4OH. Now, the stirrer was switched off, 
and the solution was allowed to cool for around 1 hour. The new resultant solid particles 
were separated in the next step and placed in 50 ml centrifuge tubes and then washed 
using the centrifuge at 11,000 rpm for 15 minutes.This procedure was repeated four times, 
as explained in section 3.3.2. The solid materials were now ready for drying in an oven 
(Binder, Tuttlingen, Germany) overnight at 100 C ̊ without any calcination process. The 
final new products had different colors. The products prepared prepared at pH 9 were off-
white. They were then ready for tests and characterization. Figure 3.6 presents a 
schematic diagram of the precipitation procedure, and Figure 3.7 shows the resultant 









































Fig. 3.7: Resultant nanocomposits samples and pure commercial ZnO: (a) pure uncoated ZnO, 




3.4 Physical characterization  
3.4.1 X-ray Diffraction (XRD) 
X-ray diffraction has been used to characterise the purity and crystallinity of the structure 
for the prepared nanomaterials through the synthesis work. Normally, a little amount of 
powder material followed by some drops of ethanol are added on a glass slide of glass 
fitted in an aluminium stage with cyclical movement, as shown in Figure 3.8. Then, the 
ethanol was allowed to evaporate, and the dried sample was ready for XRD 
characterization. X-ray diffraction spectra of prepared samples were collected on an 
Enhanced Multi Materials Analyzer (EMMA, GBC, Braeside, Vic, Australia), shown in 
Figure 3.9. Samples were scanned in the angular range of 20-80° at a scanning rate of 0.2 
degrees/min. The diffractometer was equipped with Cu Kα radiation (λ = 1.54060 Å) 
operated at 40 kV and 30 mA. To identify phases and to fit the material reflections with 
the powder diffraction card (PDF), TRACES software was used. Finally, the software 
Material Analyses Using Diffraction (MAUD) software was applied to achieve Rietveld 
refinement. Usually, the Scherrer formula was used to calculate the crystal particle size: 
 
                                                  d = k / 𝒄𝒐𝒔𝜽                                              3.1 
 
Where the Bragg angle represented by X-ray wavelength (1.54056 Å), this value also 
represents the half- peak width in radians which used to calculate the size. 
From the equation below: 
                                                  𝒎𝝀 = 𝟐𝒅hkl  𝐬𝐢𝐧(𝜽)                                  3.2 
 
Where:    
           𝒎  Is an Integer  
           λ Incidence wavelength 
           𝜽  Incidence angle  
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3.4.2. Electron Microscopy  
 The unique characteristic of electron microscope compared with other techniques is that 
the obtained image of the nanomaterials would be in two dimensions (nanoscale and 
microscale), which can offer precious information related to the characterized products 
such as morphology, phases, and dimensional properties. The present part of the thesis is 
focused on various electron microscopy techniques that were used in this work, 
particularly their applications and the circumstances of imaging the material. 
3.4.2.1 Scanning electron microscope (SEM) 
 
The morphologies of the synthesised samples were characterised by scanning 
electron microscope (SEM) (JEOL JSM-7500FA, Akishima, and Tokyo, Japan. In 
general, the imaging of nanomaterials was conducted under some specific conditions of 
the device, such as emission current, accelerating voltage, and spot size, which were 10 
μA, 5 kV, and 10 spot size, respectively. The first step of imaging was conducted using a 
stub of alumina l covered with a carbon tape before a small amount of material was spread 
on it with a spatula. To obtain a good image through reducing the charging, therefore, a 
conductive coating was applied due to the low conductivity of the sample. Non-
conductive samples were coated with gold or platinum to a depth of 14 – 15 nm. The 

























Fig. 3.10: JEOL JSM-7500 FA field emission scanning electron microscope. 
 
3.4.2.2 Transmission electron microscopy (TEM) 
A JEM-2010 (JOEL, Akishima and Tokyo, Japan) TEM was used to perform the second 
step of characterisation, exploring the morphology of the synthesized nanoparticles, in 
addition to the crystalline phase structure, shape, and size of the prepared nanoparticles 
through selected area electron diffraction (SAED) and high resolution TEM (HRTEM), 
Figure 3.11. 200 kV of accelerating voltage was used for the Orius charge-coupled device 
(CCD) camera, and then the images that were taken were analysed using Gatan software 
for digital micrographs. In the preparation of samples for this characterization, dry 
powder was sonicated for 30 min via ultrasonication (Branson) after adding around 20 ml 
of 100% absolute alcohol to make a suspension of nanoparticles. Then, 1-2 drops of 
prepared suspension were added on lacey carbon- coated 200 mesh copper with a glass 
pipette and placed on a TEM grid. The sample was left for 1-3 min to dry and evaporate 



















Fig. 3.11:  JEOL JEM-ARM200F Cs Corrected S/TEM 
3.4.3 X-ray photoelectron spectroscopy (XPS) 
A SPECS PHOIBOS 100 Analyser was used to perform the (XPS) analysis of the 
synthesized nanomaterials with the base pressure below 10-8 mbar in a high vacuum 
chamber. Al Kα radiation was used to promote X-ray excitation. The photons with the 
radiation provided under high power and voltage of 120 W and 12 kV, respectively, had 
energy, hν = 1486.6 eV. The XPS binding energy spectra of the prepared samples were 
recorded in fixed analyser transmission mode, with a pass energy of 20 eV.   
A commercial CasaXPS 2.3.15 software package was used to analyse the XPS date 






















Fig 3.12: SPECS PHOIBOS 100 Analyser. 
 
Fig. 3.13: Schematic illustration of XPS operation. 
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3.4.4 Ultraviolet-Visible Absorption Spectroscopy 
To investigate the optical properties of the prepared materials or a mixture of 
nanoparticles – dye from the photodegradation tests, as will be shown in section 3.4.6, 
UV- visible absorption tests were performed. In an ideal experiment, firstly, 10 mg of 
synthesized material was weighed on an analytical balance. Then, these amounts were 
placed in a volumetric flask and 10 ml of the appropriate solvent, which was 100% 
absolute ethanol was added to obtain a concentration of 2.5 mg/ml after the solution 
within the volumetric flask was placed in a sonication bath (BRANSON) to suspend the 
particles for 30 – 60 minutes. 
 In the next step after forming the particle suspension, the standard solution was 
diluted to achieve the required concentration as we mentioned which is 2.5 mg/ml, and 
this was done using a pipette. The samples were now ready for the UV –Visible tests, for 
which the diluted solution was placed in a quartz cuvette and then plugged into the 
analyzer device. A UV 1800 spectrophotometer (Shimadzu) was then used to collect the 
absorption spectra of the samples, where the wavelength range for the achieved spectra 
was fixed from 200 – 800 nm with a step size of 0.5 nm. Figure 3.15 shows a UV 1800 
spectrophotometer (Shimadzu). In our work where the common materials are 
semiconductors, the direct absorption and scattering of incident photons resulted in 
electronic transitions at the appropriate energy. 
Nanoparticles fall in the range of Rayligh scattering as a result of the scattering 
effect, which varies inversely with the wavelength of the incident photon. In other words, 
the intensity of the scattering is greater when the wavelength is shorter. The band-gap 
width of a semiconductor puts it between an insulator and a conductor. Adequate energy 
for the semiconductor to absorb a photon from the electromagnetic spectrum is: 
 
                                         E = hν = Eg + E e, kin + E h, kin                 (3.1) 
 
 
Where Ee, kin and Eh, kin are the electron and hole kinetic energy respectively. 
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Once the excitation has occurred, the electron will migrate from the VB to the CB, leaving 
behind spaces called holes to generate electron-hole. There may be a complete transfer of 
energy to the semiconductor by an incident photon, which makes the band gap energy 
equal to or less than the energy of the photon. In the UV-visible spectrum, the band gap 
can be calculated from the equation below: 
 
                                       Ephoton= hc/λ = 1240.5 eV nm/λ                    (3.2) 
 
Where: 
h is Planck’s constant  
c is the speed of light in vacuum 
Furthermore, the optical band gap can be found by a Tauc plot of the absorption spectra 
of the prepared materials, in which the following relation is used to calculate the 
attenuation of samples:  
 
 
               𝜶(𝝀) =
( 𝟐. 𝟑𝟎𝟑 ∗ 𝟏𝟎𝟑)𝑨(𝝀)𝝆
𝒄𝒍
                      (𝟑. 𝟑) 
 
Where: 
α is attenuation, and 𝝆 𝐢𝐬 𝐝𝐞𝐧𝐬𝐢𝐭𝐲. 
This will result in) the relationship of α to the prepared materials and is based on the 
sample absorption.  
By plotting incident photon energy (Eg =𝒉𝒗) in eV the Tauc plot is complete. From 
Equation (3.2), which represents photon energy and (𝜶𝒉𝒗)𝒏 the next equation for plotting 
will be derived: 
 





n is 2 and 
𝟏
𝟐
 for direct and indirect semiconductor band gaps, respectively. 
 Then the band gap can be found from the intercept with the x-axis of the extrapolated 



















Fig. 3.15: UV 1800 spectrophotometer (Shimadzu). 
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3.4.5 Diffuse-Reflectance Spectroscopy  
For this measurement, the diffuse reflectance spectroscopy was utilised to achieve 
absorption spectra from 200 – 800 nm for synthesized particles in a dry powder form. A 
UV 3600 SHIMADZU was used to complete this measurement, Figure 3.16. An 
integrating sphere attachment also was used for this test. For the perfect measurement, 
BaS was used for a surrounding spectrum. The next step was inserting the holder into the 
instrument after some dry sample powder was placed on the holder. A wavelength 
between 200 – 800 nm was fixed for the sample to measure the diffuse reflectance and 
likewise for the BaS. Now in this step, coated BaSO4 as a typical sample was measured 
to obtain a perfect reflectance (100%) within the sphere [202, 203]. Then, Kubelka-Munk 
reflectance theory was used to analyze the intensity of the incident light, and the function 
relating the reflected light intensity to the wavelength of incident light was constructed. 




















3.4.6 Photocatalytic measurements 
Recently, great photocatalytic activity of nanomaterials has been found to be preferable 
in different aspects. Some examples of applications include bactericidal surface coatings, 
dye-sensitized solar cells, and cleaning of wastewater.  
As stated before, the charge separation is a result of UV photon absorption. 
Ultimately, this will lead to the generation of a free radical. The free hydroxyl radicals 
(OH-) are strongly related to the surrounding molecules. CeO2 can scavenge hydroxyl 
radicals, according to a study which reported that the degradation of crystal violet dye 
was inhibited where hydroxyl radicals were scavenged after decomposition of the H2O2 
[25]. Furthermore, in the present thesis work in chapter four, reduction of UV 
photocatalytic activity is reported for Na doped ZnO fabricated through sol-gel and 
hydrothermal methods. Crystal violet dye (CV) is a very good marker of hydroxyl radicals 
that could be created through the synthesis of materials, because colourless results can 
identify that electronegative double bonds of carbon have been attacked by ROS or 
hydroxyl radicals. As a result, the CV degradation can be slowed down or prevented as a 
result of free radical scavenging [204]. In this thesis work, the tests were conducted with 
incident UV light and CV dye. The photocatalytic activity of ZnO nanoparticles 
suspended in DI water forced the dye to lose its colour, but this was decreased after the 
ZnO nanoparticles were modified by doping and covered with other metals. Therefore the 
new materials have shown a scavenging capability towards free radicals by reducing the 
dye degradation.  
3.4.6.1 Method 
Crystal violet dye (CV) provided from Sigma Aldrich, in its molecular form (tris 4-
(dimethylamino) phenyl) methylium chloride), 99% anhydrous, was used to evaluate the 
prepared nanomaterials by signaling the generation of free radicals over the course of the 
experiment. Several experiments on photodegradation were performed to determine the 
capability of the prepared nanoparticles to produce free radicals when exposed to UV 
light. Metal oxides that are photocatalytically active by producing hydroxyl radicals can 
react with the carbon-carbon double bond centre, which is highly electronegative, through 
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a chemical reaction with the help of an electrophilic addition. The result of this chemical 
reaction is a product without colour and a reduction of the CV ∆A absorption at 590 nm, 
the maximum absorption rate, where A is the absorbance, after being treated with UV 
rays. [25].  
The next stages explain the test procedure that was followed to define the 
photoactivity of the fabricated nanomaterials. Firstly, a 5 mg ml-1 solution of the prepared 
stock was suspended in a 100 ml volumetric flask of 100 ml by using a sonication bath 
(Branson) for 10-30 minutes. A stock solution of CV was also prepared, where 2.61mg 
of crystal violet was weighed and suspended in 1 L of distilled water in a volumetric flask. 
The final concentration of the stock solution was 6.4 mmol/L. The solution was mixed 
and dissolved completely using a magnetic stirrer. Finally, the stock was covered by 
aluminium foil and kept in a dark place to prevent degradation. The suspension of 
nanomaterials was then transferred to a fused quartz beaker explicitly made for this type 
of experiment, and 0.19 mlof crystal voile solution was added to the stock via digital 
micropipette under magnetic stirring by magnetic stirrer bar. In the next step was, the 
beaker with the newly mixed solution was placed in the Photochemical Chamber Reactor 
(RPR-200), (Rayonet and Branford, CT, USA), Figure 3.18.  
Stirring was then continued for 10 minutes under completely dark conditions. 
Then, 10 ml of the sample was collected by micropipette, placed in a 15 ml centrifuge 
tube, and covered with aluminium foil. This was done to keep sample safe from 
degradation. This amount of 10 ml was before switching on the reactor, and there was no 
incident UV. This point was represented by the start time (tstart = 0 min). Then, the reactor 
switched on with continuous stirring and also with exposure to broad-spectrum UV light. 
UV lamps were present in the chemical reactor, and these lamps were emitting light at 
300 – 350 nm. At regular 5 minute intervals, the lamps and reactor were switched off to 
take the next reading from 0 -30 minutes. 
Finally, a group of various readings for the seven samples (t = 0, 5t, 10, 15, 20, 
25, 30 min) was collected. Then, a Shimadzu spectrophotometer (UV 1800) was used to 
find the respective absorbances for the solutions. As illustrated in section 3.3.4. The 
relative absorbance was represented by A0. The model of Langmuir-Hinshelwood [205] 
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was utilised to identify the comparative degradation of the crystal violet dye by the 
prepared nanoparticles.  Where K is the linear rate constant was defined according to the 
relation below: 
                                                              −𝒍𝒏
 𝑪𝒕
𝑪𝟎 
= 𝑲𝒕                                        3.5 
Where: 
Ct          is the concentration at the set time 
C0         is the initial concentration  











Fig. 3.17: Samples inside the UV reactor: (a) in the deactivated state at time 0; (b) in the activated 




















Fig. 3.18: Photochemical Chamber Reactor (RPR-200). 
3.4.7 Solar simulation measurements 
The solar simulator (LCS-100TM) was used to investigate the solar simulation properties 
of the prepared nanomaterials and is illustrated in Figure 3.19. This solar simulator can 
provide lighting which an approximately the same as natural sunlight (UV, visible (VIS) 
and near infrared (NIR)) with great intensity. Several applications and materials such as 
plastics, sunscreens, solar cells, and other different devices and materials can be tested 
under controlled experimental conditions indoors in the laboratory, as enabled by the solar 
simulator device. 
3.4.7.1 Method  
The typical experimental procedure is essentially the same as for the photocatalytic 
measurements (see section 3.4.6), except that the prepared solution is irradiated by 
Mercury and Mercury-Xenon arc lamps. The measurements rely on light with an intensity 
of 1 sun solar (around 160 – 70 mA), and this is checked with a metering device. The 
prepared sample is put at a suitable distance from the Xenon light source to give the 1 sun 
solar intensity. The solutions after 0-30 min were then transferred to the next step of 










































Na-doped ZnO UV filters with reduced photocatalytic activity for 
sunscreen applications 
This chapter is based on a published work [Mueen, R., M. Lerch, Z. Cheng, and K. 
Konstantinov, Na-doped ZnO UV filters with reduced photocatalytic activity for 
sunscreen applications. Journal of Materials Science, 2019: pp. 1-15]. 
 
In the current chapter, Na-doped zinc oxide nanoparticles were prepared in 
different concentrations by the sol-gel and solvothermal techniques to reduce their 
photocatalytic activity. The photocatalytic activity of the doped samples was suppressed 
effectively by about 90% by conducting a sol-gel process rather than the solvothermal 
process. Which resulted in about 70% photocatalytic reduction over 30 min when they 
were exposed to ultraviolet and visible light. Furthermore, the photoactivity under solar 
simulation was reduced by about 98%, in contrast to the solvothermal process, which 
showed a reduction of around 92% over 30 min, which is the same period of time as that 
used for the photocatalytic degradation test. A nearly spherical morphology was obtained 
in both routes, and the particle sizes for the nanoparticles resulting from the sol-gel route 
were bigger than those resulting from the solvothermal method. In general the average 
size for the particles prepared by both techniques was less than for the commercial ZnO. 
Finally, various characterisation methods were performed to examine the morphological, 
structural, and optical properties of the nanoparticles synthesized via the sol-gel and 
solvothermal methods in comparison to the commercial ZnO. The general back ground 
was included to show the fields in which the ZnO was used and its advantages with 
disadvantages. Na was featured in this chapter in different doping amounts, as will be 







In the past two decades, the concern for skin protection from ultraviolet (UV) radiation 
has attracted considerable attention due to the increased intensity of UV rays that can 
reach the Earth’s surface as a result of the breakdown of the ozone layer[1, 37, 206]. There 
are a number of reports on the risks from exposure to UV rays from sunlight [2, 207, 208], 
such as skin aging [9, 11, 209, 210], sunburn and sun-tanning phototoxicity, and skin 
cancer [1, 2, 12, 211-213]. Most of them relate to the risks from the generation of reactive 
oxygen species (ROS), which are created during UV exposure. For this reason, the 
demand for efficient UV-protection has become very urgent [2, 213]. Most of the UV 
radiation that reaches the earth consists of UVA (around 95-99 %) and UVB (around 1-5 
%) [212].  
 
UVB is well known for its carcinogenic effects and causes erythema. Recently, 
UVA has also attracted attention, since, in comparison to UVB, it can penetrate deeply 
into the skin, which can result in significant health concerns [11, 207, 209]. Modern 
sunscreen products must diminish the radiation ranges of both UVA and UVB, since they 
both can cause health problems [46]. Therefore, the sunscreen agents represent one of the 
significant tools to protect the skin from UV irradiation. There are both organic and 
inorganic UV blockers in sunscreen products [1, 37, 47, 207, 214-217]. Because of the 
partial degradation of sunscreen organic filters by UV irradiation, which is suspected to 
increase UV-absorbent allergy and photoallergy, developing novel inorganic UV blockers 
that provide efficient UV protection over a wide spectrum, good comfort, and high safety 
when applied on the human skin is necessary [37, 39, 40, 218].  
 
Inorganic materials can absorb, reflect, or scatter the ultraviolet radiation, 
depending on their particle size, unlike the organic blockers, which absorb the UV 
irradiation [1, 2, 11, 46-50, 211, 212, 219] . Nowadays, most inorganic UV-blocking 
filters are based on titanium dioxide (TiO2) and zinc oxide (ZnO) [1, 46, 49-51, 212, 214]. 
ZnO can provide protection in the UVA range, which is also dangerous solar radiation, 
since its harmful effects are not reflected in the current Sun Protection Factor (SPF) 
measurement technique, which is based on the erythema caused by UVB alone [11, 51, 
219]. Indeed, ZnO is attractive for sunscreen formulization, and this relates to many 
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advantages, such as its modest refractive index (2.0), its absorption of the small fraction 
of solar radiation in the UV range which is equal to or less than 385 nm, its high probable 
recombination of photogenerated carriers (electrons and holes), large direct band gap, 
high exciton binding energy, non-risky nature, and high tendency towards chemical and 
physical stability.  
 
These advantages make the ZnO nanoparticles transparent in the visible region 
with UV protective activity, and therefore, the UV blocking ability of ZnO has been 
important [47, 53, 209, 215, 216, 220]. A significant issue for ZnO use in sunscreens is 
that it can generate ROS in the presence of UV light because of its photocatalytic activity. 
Therefore it is essential to make a non-photocatalytic ZnO material through doping with 
other metals[2, 47].  
 
Several efforts have been made to deactivate the photocatalytic activity of ZnO 
by using inorganic surface modifiers. The doping of ZnO with different metals is another 
way to modify its photocatalytic activity [47, 153, 221]. Recently, successful doping of 
ZnO with different metals such as Ce, La, Co, Mn, Al, Li, Na, K, and Cr by various 
procedures, such as a simple and facile one-pot water bath, co-precipitation, and 
hydrothermal, solvothermal, combustion, and sol gel methods has been reported [47, 145, 
154, 158, 159, 222-224]. These materials exhibit greater performance than undoped ZnO 
towards increasing the photocatalytic activity of ZnO in visible light. Therefore, metal 
doping can be an effective technique to modify the ZnO photocatalytic activity. 
 
 In several papers, however, the photocatalytic activity of ZnO has been reduced 
successfully by doping with Mn, Ni, N, and Co prepared by sol-gel, solvothermal, and 
co-precipitation processes, respectively [153, 160-163]. These reports demonstrate that 
suitable doping and synthesis strategies have the potential to modify the photocatalytic 
properties of ZnO in the UVA range, and they can be used to create ZnO UV filters with 
reduced photocatalytic activity. In the current article, we report reduction of the UV 






The purity and crystallinity of the as-prepared samples were characterized by X-ray 
diffraction (XRD, GBC, MMA) at room temperature. The X-ray diffraction (XRD) 
measurements on powder samples were performed on an XPERT-PRO 9 9PW 3050/60 
equipped with Cu Kα radiation (λ = 1.54060 Å) operated at 40 kV and 30 mA. Samples 
were scanned within the angular range of 20- 80 degrees with a scanning rate of 0.2 degree 
/ min. Morphologies of the synthesized samples were characterized with a scanning 
electron microscope (SEM, JEOL JSM-7500FA) and a transmission electron microscope 
(TEM, JOEL ARM-200F).The photocatalytic properties of the samples were tested in a 
Rayonet Photochemical Chamber Reactor (RPR) providing radiation in the UVB + UVA 
range using crystal violet dye. 
 
 Simulated sun irradiation of the synthesized samples was conducted in a LCS - 
100™ solar simulator. The UV absorption and dye photodegradation were tested in a 
Shimadzu UV-3600. Diffuse reflectance spectroscopy was used to calculate the band gaps 
of the pure and prepared samples. X-ray photoelectron spectroscopy (XPS) was 
conducted using a SPECS PHOIBOS 100 Analyser installed in a high-vacuum chamber 
with the base pressure below 10–8 mbar. XPS was used to analyse the valence state of Zn 
and provide information on the surface chemical composition of the materials. X-ray 
excitation was provided by Al Kα radiation with photon energy, hν = 1486.6 eV at the 
high voltage of 12 kV and power of 120 W. The XPS binding energy spectra were 
recorded at the pass energy of 20 eV in the fixed analyser transmission mode. Analysis 
of the XPS data was carried out using the commercial CasaXPS 2.3.15 software package. 
 
      4.2.1 Photocatalytic and sun simulator tests 
The pure ZnO and Na doped ZnO were used as photocatalysts and crystal violet as an 
evaluating agent. The test was carried out as follows: 5 mg of pure and Na doped ZnO 
was dispersed and magnetically stirred in 100 ml of crystal violet, respectively, for 30 
min in the dark. Next, the prepared suspensions were irradiated in an RPR reactor under 
an Hg lamp with wavelengths fixed at 300 nm and 350 nm, and located 20 cm away from 
the 150 ml beaker. Different time periods of exposure were recorded from 0-30 min, with 
an aliquot taken each five min. Finally, the UV-visible (UV vis) spectra of the irradiated 
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suspensions were collected on a UV-3600 Shimadzu. The same method was carried out 
for the sun simulator, but the final suspension was irradiated by an LCS - 100™ solar 
simulator with 1 sun solar irradiation.    
 
4.3 Results and discussion 
      4.3.1 Materials characterization 
               4.3.1.1 X-ray diffraction (XRD) 
 The XRD analysis shows that all the as-prepared ZnO samples have a polycrystalline 
structure and very good crystallinity. Figures 4.1and 4.2 presents the XRD spectra of the 
undoped and Na-doped ZnO nanoparticles synthesized by the sol-gel and solvothermal 
methods respectively. All peaks can be well indexed to hexagonal wurtzite ZnO [(space 
group P63mc or (186)/amd, JCPDS No. 96-230-0114] zinc oxide, indicating high purity 
and good crystallinity. It can be observed in the figure that the samples are polycrystalline 
in nature, possessing the hexagonal wurtzite structure. It is also observed that there is no 
impurity phase corresponding to Na. The most intensive diffraction peaks of zincite, the 
(100) and (101) peaks, were selected to calculate the cell parameters. Tables 4.1 and 4.2 
show the cell parameters, average crystallite size, d-spacing, amount of Na, identifications 









Fig. 4.1 XRD patterns of commercial, Na undoped and Na-doped ZnO nanoparticles prepared 











Fig. 4.2 XRD patterns of commercial, Na undoped and Na-doped ZnO nanoparticles prepared 





Table. 4.1 Cell parameters, average crystallite size, d-spacing, amount of Na, and peaks and 
their phase angles for ZnO nanoparticles grown by the sol-gel process. 
Na 
(at%) 
Sample Peak d-spacing 
(nm) 























































Table. 4.2 Cell parameters, average crystallite size, d-spacing, amount of Na, and peaks and 
their phase angles of ZnO nanoparticles obtained by solvothermal process. 
Na 
(at%) 
Sample Peak d-spacing 
(nm) 















































3.253±0.003 5.198±0.002 34.7±5.48 
 
 
  The XRD data summarised in Table 2 and Table3 demonstrate that both a and c 
lattice parameters were increased (a parameter more significantly), which led to an 
increase in unit cell volume for the Na-doped materials synthesised by both methods 
compared to the undoped materials and commercial ZnO. On the other hand the average 
crystallite size is decreasing with increase of Na concentration, which is explained with 
the increase of structural tensions and defects in the crystallite due to presence of the large 
Na atom, which would result in restriction of the crystal growth. 
 
              4.3.1.2 Morphologies 
Figures (4.3-4.7) show SEM, TEM, and high resolution TEM (HRTEM) images, with the 
corresponding selected area electron diffraction (SAED) patterns of the commercial ZnO, 
and Na-doped ZnO nanoparticles. The undoped ZnO materials obtained through both 
methods exhibited very similar morphologies like the Na doped ones, but the crystallite 
sizes were larger and closer to the dimensions of comercial ZnO, as also evident from 
Table 4.1 and Table 4.2. The samples obtained through sol-gel and solvothermal methods, 
clearly demonstrate that both types of nanoparticles possess nearly spherical morphology, 
and the particle sizes were, on average, less than for the commercial ZnO, which is in 
agreement with the data in Table 4.1 and Table 4.2. The platelet particles of pure ZnO 
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mostly vanished when doped with Na in different amounts, and their particle size was 
greatly reduced, ranging between 72.6-86.6 nm for the nanocrystals produced by sol-gel 
approach and 34.7-64.6 nm for the nanoparticles resulting from the solvothermal process. 
For more details of the pure and doped ZnO, TEM images and SAED patterns were 
collected, and they indicated very good crystallinity for the as-prepared samples, as 
clearly shown in the lattice fringes, which are also consistent with the XRD patterns.The 
lattice spacings of the pure ZnO and prepared samples are 0.2447, 02470, 0.2603, 0.2467, 
and 0.2807 nm, which correspond to the (101), (101), (002), (101), and (100) planes for 


























































































               4.3.1.3 UV-visible spectroscopy 
UV-visible spectra of the prepared samples are shown in Figures 4.8 and 4.9 which were 
recorded in the range of 200 - 800 nm for optical band-gap calculations. In general, the 
samples of Na doped ZnO, obtained through sol-gel and solvothermal methods, showed 
less absorption compared to undoped and commercial ZnO, which can be explained with 
the larger crystallite size of the commercial product, providing extra UV filtering through 
reflection and scattering. On the other hand, the larger crystals decrease the materials 
transparency in the visible range, which is undesirable in sunscreen applications from 
aesthetic point of view. The Na-doped samples also exhibit much lower photo-








Fig. 4.8 UV–visible spectra of the commercial, Na-undoped and Na-doped ZnO materials 












Fig .4.9 UV–visible spectra of the commercial, Na-undoped and Na-doped ZnO nanoparticles 
prepared by solvothermal method. 
 
 
               4.3.1.4 Band gap measurements 
By using diffuse reflectance spectroscopy to investigate the pure commercial ZnO and 
the doped samples (Sg1, Sg2, Sv1, Sv2) that resulted from the sol-gel and solvothermal 
methods, respectively, the band gaps for the samples have been calculated by plotting 
(αhv)2 versus hv in (eV), where α is the absorption coefficient, h is Planck’s constant, and 
ν is the frequency, as shown in Figures 4.10 and 4.11. The extrapolation of the linear 
portion of the curve to α = 0 gives the band-gap value (Eg), as shown in Table 4. The data 
show that doping with Na has shifted the band gap of ZnO to UVA. Note that the samples 
prepared by the sol-gel route show higher shifting towards UVA, up to 387.5 nm, 
compared to those prepared by the solvothermal method, which reached 381.53 nm, as 











Table. 4.3 Band-gap energy (Eg) for photocatalysis of the commercial, Na-undoped and Na-
doped ZnO nanoparticles prepared by the sol-gel and solvothermal methods. 
Samples Eg (eV) λ (nm) 
Commercial ZnO 3.33 372.37 
Sg-Undoped ZnO 3.35 370.15 
Sg1 3.20 387.50 
Sg2 3.25 381.53 
Sv-Undoped ZnO 3.36 369.05 
Sv1 3.25 381.53 








Fig. 4.10 Plot of (αhv)2 as a function of energy (hv) for commercial, Na-undoped and Na-doped 













Fig. 4.11 Plot of (αhv)2 as a function of energy (hv) for commercial, Na-undoped and Na-doped 




               4.3.1.5 X-ray photoelectron spectroscopy (XPS) 
Typical XPS survey spectra of the commercial, Na undoped and Na-doped ZnO 
nanoparticles can be seen in Figures 4.12 and 4.13. High resolution scans for C, O, Zn, 
and Na were also performed. The survey spectra demonstrate that for all materials the 
main peaks correspond to Zn 2p1/2 and 2p3/2, O 1s, Na 1s, and C 1s orbitals. 
According to the XPS curves and typical studies the Zn and O peaks were 
prominent, and the curves of the prepared samples (Sg1, Sg2, Sv1, and Sv2) show that 
the doping process was successfully done, although the peaks that are related to Na are 
very weak. Generally, the peaks at 1022.79 and 1045.86 eV are respectively related to the 
core lines of the Zn 2p3/2 and 2p1/2 states. The difference in binding energy between the 
two peaks was around 23.07 eV, which is consistent with the standard reference values 
for ZnO. The predictable values of the binding energies and the difference in binding 
energy in the Zn 2p spectrum show that Zn appears to be in the Zn+2 oxidation state. 
Although Zn+ is not detected this might be due to lack of sensitivity because of the very 
low concentration of this cation or induced error from the XPS analysis due to the x-ray 




The core level O 1s peaks for Na-doped ZnO, centred at 531.30 and 533.15 eV, 
might be shaped in two ways: firstly, from the oxygen of ZnO, and secondly, from partial 
Na–O–Na bonding. The low binding energy peak (531.30 eV) can be referred to the O–
Zn bond, which is related to the O-2 ions in the wurtzite structure of the hexagonal Zn2+ 
ion group. Furthermore, the higher energy peak (533.15 eV) is commonly attributed to 
the presence of the Zn (OH)2 phase, so that the formation of this peak may be attributed 
to the absorption of atmospheric moisture. Na and C peaks were observed for Na 1s 
(1071.39 eV) and C 1s (287.92 eV). The positions of C, O, and Zn peaks in Sg1, Sg2, 
Sv1, and Sv2 are the same as for the reference commercial ZnO. All of the measurements 
related to Zn 2p, Na 1s, and O 1s represent the perfect samples (Sg1 and Sv1) for each 
synthesis (sol-gel and solvothermal) method, and the other samples Sg2 and Sv2 are 

























Fig. 4.12 Typical XPS (a) survey spectra and higher resolution (b) Zn 2p, (c) Na 1s, and (d) O1s 






























Fig. 4.13 Typical XPS (a) survey spectra and higher resolution (b) Zn 2p, (c) Na 1s, and (d) O1s 






















      4.3.2 Photocatalytic activity 
The photocatalytic activity of the synthesized materials was recorded for time periods 
from 0 to 30 min on a Rayonet Photochemical Chamber Reactor (RPR), operating from 
120-277 V, 50-60 Hz. Figures 4.14 and 4.15 show their degradation properties compared 









Fig. 4.14 Photocatalytic activity towards crystal violet dye (Cv) of commercial, Na-undoped and 
Na-doped ZnO nanoparticles in terms of relative dye degradation over time synthesised via sol-




















Fig. 4.15 Photocatalytic activity towards crystal violet dye (Cv) of commercial, Na-undoped and 
Na-doped ZnO nanoparticles in terms of relative dye degradation over time of the samples 
synthesised by solvothermal process. Error bars shown derived from standard deviation of 
triplicate experiments.  
 
 
From the above, we can see that the samples fabricated by the sol-gel process clearly 
show higher performance towards suppression of the degradation compared to the 
solvothermal route. This may be due to the effects of the synthesis conditions, which 
create surface oxygen vacancies during the decomposition of organic species containing 
carbon at high temperature, because such conditions do not exist in the solvothermal 
synthesis. Therefore, the sol-gel method is more suitable for UV sunscreen applications 
than the solvothermal. 
 
The analysis of photo degradation curves as a function of irradiation time in 
Figures 4.14 and 4.15 demonstrate that the Na doping efficiently suppresses the ZnO 
photo degradation. In addition, the lower levels of Na doping provide higher suppression 
of the photo-degradation compared to higher Na concentration. For this reason, we have 
limited the maximum doping concentration to 0.03 and 0.05 at% only. These results could 
be explained with the effect of several factors. The oxide materials and especially oxide 
nanomaterials have almost always some oxygen non-stoichiometric deficiency due to the 
specific synthesis method and presence of surface defects. The metal cations will co-exist 
in two valence states, which can shift between each other, in the particular case Zn+ and 
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Zn2+. The Zn+/Zn2+ shift in presence of UV radiation would lead to generation of photo 
electrons and to an increased photo catalytic activity.  
 
The substitution of Zn cations with lower valence state element like Na+ on the 
place of the zinc in the compound will disbalance the materials electroneutrality and to 
preserve this electroneutrality the zinc cation will be forced to stay in the higher valence 
state only. However, large amount of doping with element having lower valence state 
(Na+) may disrupt the electroneutrality balance severely and then at higher concentrations 
of Na+ the balance cannot be restored through this mechanism and the photo catalysis will 
start to increase again. This is why in our opinion lower levels of Na doping provides 
more efficient photo-catalysis suppression. 
 
 
      4.3.3 Solar simulation 
Figures 4.16 and 4.17 show the solar simulation properties of our samples compared to 
commercial ZnO. The solar simulation properties of the synthesized nanoparticles were 









Fig. 4.16 Degradation of crystal violet dye (Cv) over time with exposure to simulated 1 sun solar 
irradiation in conjunction with commercial, Na-undoped and Na-doped ZnO nanoparticles 









Fig. 4.17 Degradation of crystal violet dye (Cv) over time with exposure to simulated 1 sun solar 




The results from Figures 4.14 and 4.15 demonstrate how effective the Na doping is for 
reduction of the crystal violet dye – the best Sg1 and Sv1 samples reduce the photo 
degradation in 30 min to less than 5% in comparison to Na free and commercial ZnO 
materials leading to around 60-70% photo degradation. These results are also better than 
the effect of Co and Mn doping of ZnO reported in [32, 41] where the decomposition of 
Rhodamine-B die under simulated sunlight is from 10% (for Co doping) to 30% in case 
of Mn doping and similar exposure time. In addition, the cobalt is a toxic element and 
both elements are applied in higher doping concentrations. Similarly, the suppression of 
photo degradation through Ni doping of ZnO films [42] reveals lower values – in 30 min 












In conclusion, we employed cost effective nanotechnologies to fabricate sodium-doped 
zinc oxide nanoparticles with super-low photoactivity that would be suitable for UVA 
filters in sunscreens. Zinc acetate dehydrate was doped by sodium in different doping 
concentrations using the sol-gel and solvothermal routes. The experimental results show 
an increase in the cell parameters and decreased particle size as a function of doping 
concentration. These modifications may lead to a significant modification in the 
photocatalytic activity of ZnO towards deactivation under UV and visible light, especially 
at the doping level of 0.03 at% for the samples prepared by the sol-gel which was around 
90% rather than the solvothermal method that shows deactivation about 70% for 30 min. 
In addition, the photoactivity of the ZnO has been reduced up to 98% for samples resulted 
by Sol-gel method and 92% for those resulted via solvothermal route under solar 
simulation also in 30 min. Furthermore, at the same doping level, the band gap was 























ZnO/CeO2 nanocomposite with low photocatalytic activity as efficient 
UV filters  
This chapter is based on a published work [Mueen, R. M, Alexander. Q, Hamzeh M. 
Lerch, Z. Cheng, and K. Konstantinov, ZnO/CeO2 nanocomposite with low 
photocatalytic activity as efficient UV filters. Journal of Material Science, 2020]. 
  
In this Chapter, we successfully synthesized ZnO/CeO2 composite nanoparticles 
for efficient ultraviolet (UV) filtering applications using a simple precipitation route. 
Various ratios of Ce/Ti were used to precipitate ceria onto commercial ZnO nanopowder 
at pH 9. The mean crystallite size of the resultant nanocomposites was reduced 
significantly with increasing ceria amounts from 2.5 at%, to 5 at%, to 10 at%, 
respectively. Through this preparation process, stronger and more selective absorbance 
within the UV range was observed due to precipitation of a small amount of ceria to 
decorate the commercial ZnO surface. The photocatalytic activity was reduced effectively 
due to the addition of ceria up to 10 at%, where  crystal violet was degraded by about 
97% over 30 min when exposed to ultraviolet and visible light over 30 min and by around 
99% under solar simulation over the same period of time. In general, the particle size of 
the resultant material was reduced by increasing the amount of ceria.   
 
Different characterization techniques will be highlighted in the present chapter, 
which were used to investigate the optical, structural, and morphological features of the 
fabricated composites. The synthesised nanocomposites were tested under pH 9 
conditions. Characterisation techniques such as XRD, SEM, TEM, XPS, photocatalytic 
degradation tests, and UV- spectrophotometer absorption were used to compare the 
fabricated nanocomposites and select the best one in order to complete the study reported 




Due to the increased intensity of ultraviolet (UV)-rays that reach the earth’s surface, 
which is attributed to the collapse of the ozone layer in the past two decades, concerns 
about skin protection from UV-rays have been raised recently [37]. As is well known, 
ultraviolet radiation is divided into UVC (270-290 nm), UVB (290-320 nm), and UVA 
(320-400 nm) [2, 207]. Around 95-99 % of the UV radiation that reaches the earth consists 
of UVA, 1-5% is UVB, while UVC is filtered by ozone in the stratosphere. Hence, UVC 
does not reach the earth’s surface [14, 207]. The UVB range causes erythema, and it is a 
well known carcinogen. Recently, however, great attention has been paid to the UVA rays 
as well, since they have the ability to penetrate deeper into human skin [5, 11, 207, 225], 
causing accumulation of higher radiation doses and consequent health problems such as 
aging acceleration, skin cancer, etc.  
 
Therefore, sunscreen agents with efficient filters for UVA are becoming one of 
the important tools today to protect the human skin from the dangerous effects of the UV-
rays. In general, there are organic and inorganic UV blockers incorporated in sunscreen 
agents [38]. The organic UV blockers are not very efficient or desirable, however, due to 
their partial degradation under irradiation, which results in an increase in UV-absorption, 
allergy effects, and potential photoallergy [38-40]. Materials such as TiO2 and ZnO [226] 
that can absorb, reflect, or scatter UV-rays are widely used as efficient inorganic UV 
blockers. Yet, even though they offer good UV-shielding characteristics, they also have 
high photocatalytic activity when absorbing UV radiation, leading to high generation of 
reactive oxygen species (ROS), which are considered to be harmful to the cells and have 
an impact on the photostability of cosmetics formulations, which is undesirable in sun 
care agents [227-229]. 
 
 Nano ZnO is an attractive UVA filter for use in sunscreen formulations due to its 
transparency across the visible light wavelength region and high absorption [230, 231]. 
Thus, the UVA blocking properties of ZnO are essential for efficient modern sunscreens.  
Nevertheless, the generation of ROS under UV light due to the photocatalytic effect of 
nano-ZnO is still a major issue, which needs to be addressed. Therefore, it is important to 
develop a novel type of ZnO-based UVA filters with low photocatalytic activity through 
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tailoring with other materials. Several other metal oxide nanomaterials have been 
investigated for use in sunscreen formulations, including pure CeO2 [49, 232], alkaline 
earths, rare earths[50, 201], transition metal doped CeO2 [233], α-Fe2O3 [234] and Ce-
doped Fe2O3 [235]. 
  
Ceria (CeO2) nanoparticles and compounds incorporating cerium are also of 
particular interest for sunscreen application [201]. CeO2 is an attractive rare earth oxide 
due to its ROS scavenging properties [236, 237]. It also features good UV absorption and 
transparency in the visible domain [164, 238, 239], and it is a large band-gap 
semiconductor as well, which makes it suitable for sunscreen application [240-242]. 
Much research has been carried out to create cerium or ceria doped ZnO with different 
nanostructures as well as nanofilms [243-248], nanopowders [249-252], nanorods [253-
257], nanoneedles [258], nanofibers [259], and nanoplatelets [260]. Synthesis of a CeO2–
ZnO composite, ZnO/CeO2, or Ce/CeO2 nanostructures has been rarely reported. 
Recently a new concept was used to reduce the photocatalytic activity of nano-TiO2, by 
incorporating quantum dots of (BiO2) CO3 on its surface. 
 
 In addition, the photocatalytic activity of TiO2 was successfully reduced by up to 
60% through addition of  (BiO2)CO3 to form a new  nanocomposite material using a 
precipitation method [261]. In a similar way, another work reported that a nanocomposite 
of Fe2O3/CeO2 fabricated via a precipitation route showed strong, selective absorption in 
the UV range and a significant reduction in crystal violet dye degradation that was 
achieved by scavenging the photogenerated OH˙ radicals [200]. Based on these reports, 
using CeO2 with ZnO as a core-shell nanocomposite is expected to reduce the 
photocatalytic activity of ZnO. In this work, nanocomposites of ZnO/CeO2 were prepared 
via a simple precipitation method. The effects of the precursor, pH, and amount of ceria 
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 5.2 Characterization 
X-ray diffraction (XRD; MMA diffractometer, GBC Scientific Equipment) was used to 
examine the crystallinity and purity of the prepared nanocomposites products as well as 
the commercial ZnO nanoparticles. This was performed with an XPERT-PRO (9PW 
3050/60) equipped with Cu Kα radiation (λ = 1.54060 Å) operated at 40 kV and 30 mA 
at room temperature. The samples were scanned over a 20-80° 2θ angular range with a 
0.2°/ min scan rate. In addition, a scanning electron microscope (SEM, JEOL JSM-
7500FA) and a transmission electron microscope (TEM, JOEL ARM- 200F) were used 
to confirm the product morphologies. Furthermore, the dye photodegradation and UV 
absorbance of the fabricated nanocomposites were tested through UV-visible 
spectroscopy (Shimadzu UV-1800).  
 
The FTIR spectrum of the sample was recorded using a Shimadzu 8400S 
spectrometer by the KBr pellet technique in the range 400-4500 cm-1. X-ray photoelectron 
spectroscopy (XPS) measurements of the elemental compositions were also conducted 
via a SPECS PHOIBOS 100 analyzer, with a high vacuum chamber and base pressure 
under 10-8 mbar. XPS also was used to analyze the Zn valence state to understand the 
surface chemical configuration of the tested products. X-ray excitation was delivered with 
Al Kα radiation and photon energy, hν = 1486.6 eV at 12 kV and 120 W. The XPS spectra 
to determine binding energies were collected at 20 eV pass energy in the fixed analyzer 
transmission mode. The final step in XPS is analysis by a commercial software package 












      5.2.1 Photocatalytic and sun simulator tests 
Commercial naked ZnO and our fabricated ZnO/CeO2 nanocomposites with different 
amounts of ceria were used with crystal violet as a chemical indicator.  The experiment 
was conducted as follows: firstly, to prepare the dye stock solution,  2.61 g of crystal 
violet powder dye (Tris (4-(dimethylamino) methyluim chloride, 99% anhydrous, Sigma 
Aldrich) was suspended in 1L of distilled water using a volumetric flask at the 
concentration of 6.4 mmol/L. Secondly, a 5 mg amount of naked commercial ZnO and 5 
mg amounts of the as-prepared samples were respectively mixed under magnetic stirring 
in crystal violet solution with a volume of 100 ml. This was performed in the dark for 30 
min. Moreover, an RPR reactor lined with a set of 300 nm and 350 nm Hg lamps 20 cm 
away from the reaction mixture was used as the irradiation source. An exposure period of 
30 min was used, with aliquots of the reaction mixture collected every 5 min. Finally, a 
UV-3600 Shimadzu was used to collect the UV- Vis spectra of the irradiated aliquots 
obtained and to assess the degree of dye degradation at its major absorbance peak at λ = 
590 nm. The same procedure was used to test the materials for their response to an LCS 
- 100™ solar simulator, with 1 sun solar irradiation.  
 
 
5.3 Results and discussion  
      5.3.1 Materials characterization 
               5.3.1.1 X-ray diffraction (XRD) 
X-ray diffraction (XRD) was used to investigate the crystallinity of the nanocomposites, 
which resulted from the precipitation procedure. Figure 5.1 presents the diffraction 
patterns of the synthesized nanocomposites. The patterns were indexed and were assigned 
to the hkl planes (100), (002), (101), (110), (102), (103), (200), (112), (201), (004), (202) 
which match very well with hexagonal wurtzite ZnO. These peaks show a favorable zinc 
oxide space group [P63 mc, (186)/amd, JCPDS No. 96-230-0116]. The peak at ⁓ 28˚ in 
the ZnO/CeO nanocomposites was assigned to the cubic fluorite phase of CeO2, and it is 
closely matched with the corresponding PDF card (96 - 900 – 9009). This peak of CeO2 





The CeO2 peak intensity varied according to the ceria content whereby the nanocomposite 
with a low amount of ceria (2.5 at %) presented a very small peak of CeO2, the 5 at% 
sample exhibited a broad peak, and the 10 at% sample an even broader peak related to 
ceria. Thus, increasing the cerium acetate (C2H3O2)3Ce·XH2O concentration led to an 
increased amount of ceria in the nanocomposite, resulting in broad ceria peaks. This was 
strong evidence that the preparation was successful. According to Figure 5.1, the full 
width at half maximum (FWHM) and intensity of the small CeO2 peak in the XRD 
patterns of the prepared samples, as compared to the ZnO pattern, indicate the amount of 
CeO2.  
   
The effects of the ceria loading on the cell parameters and particle size of the core 
ZnO nanoparticles was also assessed. The XRD patterns reveal that the nanocomposites 
of ZnO/CeO do comprise ZnO and CeO2.  The cell parameters, average crystallite size, 











Fig. 5.1. XRD patterns of commercial ZnO and ZnO/CeO nanocomposite particles at 2.5, 5, and 










Table 5.1 ZnO cell parameters, average crystallite size, d-spacing, amount of ceria, peaks, and 
the corresponding phase angles. 
Ce 
(at %) 
Sample  peak   d-spacing 
    (nm)    



































3.215±0.0025 5.1618±0.0055 79.35±2.33 









3.225±0.002 5.1894±0.007 40.65±5.52 
                
5.3.1.2 UV-visible spectroscopy 
Figure 5.2 shows the ultraviolet-visible absorbance of the manufactured 
nanocomposites and the commercial uncoated ZnO. A suspension concentration of 25 mg 
mL-1 was used to perform the experiments. In general, the samples show selective 
absorbance across the UVA wavelength region. The absorbance increased gradually when 
the precipitated amount of ceria increased up to 10 at%. Thus, the improvement in the 
absorption features of the new ZnO/CeO2 nanocomposite is due the CeO2 added to the 
commercial ZnO, in particular with the increasing amount of ceria up to 10 at%.   
The charge transfer O → Ce guarantees that there are some ions of Ce4+ with several 
coordination states, which can result in switching between 4 and 8 in the fluorite cubic 


















Fig. 5.2 UV visible spectra of the synthesized nanocomposites with 2.5 at%, 5 at%, and 10 at% 




              5.3.1.3 Morphologies 
 
FE-SEM was used to confirm the morphologies of the fabricated ZnO/CeO2 
nanocomposites as well as that of pure commercial ZnO. Figure 5.3 clearly shows the 
respective surface morphologies at different magnifications. The corresponding images 
of uncoated ZnO, which are represented by Figure 5.3 (a and b), show the irregular 
morphology of pure ZnO. Figure 5.3 (c-h) shows that the particle sizes and morphology 
of the prepared nanocomposites were affected by CeO2 addition to the commercial ZnO, 
because the size was reduced with increasing amounts of ceria. With the high amount of 
10 at%, agglomerated spherical nanoparticles were produced, composed of smaller ZnO 
crystallites. Figures 5.4 and 5.5 also demonstrate this change, which might be related to 


































Fig. 5.3 FE-SEM images of (a, b) ZnO, (c, d) ZnO/CeO2 (2.5 at %), (e, f) ZnO/CeO2 (5 at %), 















Figure 5.4 presents TEM images of the commercial uncoated ZnO and the synthesized 
nanocomposites. High-resolution TEM analysis was performed using a JEOL-
JEMARM200F microscope. The results confirm that the commercial uncoated ZnO and 
resulted ZnO/CeO2 (2.5 at%) nanocomposite have exposed ZnO (100) and CeO2 (111) 
planes, with d-spacings of 0.2635 nm for ZnO and 0.317 nm for CeO2, respectively. The 
images in Figure 5.5 (a, c) demonstrate these results. Generally, the practical values of 
the d-spacings related to ZnO and CeO2 phases are 0.2614 and 0.317 nm, respectively. 
Therefore, the high resolution (HR)-TEM analysis is in agreement with the XRD patterns, 
although a hexagonal structure is displayed by ZnO and a cubic structure by CeO2, as 
well as the different lattice planes. Throughout the formation of the nanocomposites, 
nucleation and synergetic effects between ZnO and CeO2 were corroborated, and the 















Fig. 5.4 HR-TEM images of (a) ZnO and (c) ZnO/CeO2 (2.5 at %); TEM images for (b) ZnO, (d) 
ZnO/CeO2 (2.5 at %), (e) ZnO/CeO2 (5 at %), and (f) ZnO/CeO2 (10 at%), respectively. 
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Other TEM images related to commercial ZnO and the fabricated ZnO/CeO2 
nanocomposites are presented in Figure 5.5, from which the morphology and particle 
sizes of the samples could be investigated. It was found that ~ 93.277 nm is the average 
size for pure ZnO, while the averages sizes for the nanocomposites with different amounts 
of ceria were ~ 90.02 nm for 2.5 at%, ~79.35 nm for 5 at%, and ~ 40.65 nm for 10 at%. 
The sample of ZnO/CeO2 10 at% shows agglomeration and aggregated particles as in the 
SEM images. Some of these particles were relatively big spherical agglomerates around 
200 - 300 nm in size, and there were also small spherical particles with an average size of 
40.65 nm. This morphology may have occurred due to the synergetic effects mentioned 












Fig. 5.5 TEM images of (a) ZnO, (b) ZnO/CeO2 (2.5 at %), (c) ZnO/CeO2 (5 at %), and (d) 














             
High-resolution energy dispersive spectroscopy (EDS) mapping was used to measure the 
elemental composition of the synthesized nanocomposite samples to confirm the presence 
of ceria. The EDS mapping for the commercial ZnO and the nanocomposites can be seen 
in Figures 5.6 and 5.7. The images in the Figure 5.7 show the composition of pure 
commercial ZnO, which contains only Zn and O. Furthermore, the images in the Figure 
5.7 can show the compositions of the prepared ZnO/CeO2 nanocomposites (2.5, 5, and 
10), and they reveal that the resultant materials consist of Zn, Ce, and O. A secondary Ce 
phase was identified via TEM analysis, and it proves that there was a perfect dispersion 
of ceria on top of the pure commercial ZnO. There were no impurities detected in the 
naked ZnO or the nanocomposites, according to the EDS analysis. Finally, EDS analysis 
confirmed the successful fabrication of our ZnO/CeO2 nanocomposites with different 




























Fig. 5.6 High-resolution TEM and EDS mapping of (a) uncoated commercial ZnO, highlighting 













Fig. 5.7 High resolution TEM and EDS maps of the synthesized ZnO/CeO2 nanocomposites. Each 
column corresponds to a set of images for the following given ceria loadings: a), b) 2.5 at%, c), 
d) 5 at.% and e), f) 10 at%. The distribution of Zn (pink), Ce (green) and O (red) are shown below 












            5.3.1.4 X-ray photoelectron spectroscopy (XPS) 
The elemental composition of the prepared nanocomposites was also investigated 
using X-ray photoelectron spectroscopy (XPS) survey spectra, as shown for ZnO/CeO2 
(10 at%) in Figure 5.8.The ZnO/CeO2 nanocomposite XPS survey spectra consists of Zn, 
Ce, O, and C regions Figure 5.8 (a). The Zn 2p3/2 and Zn 2p1/2 orbitals are centered at 
peaks with binding energy values of 1021.5 eV and 1044.6 eV, respectively, as shown in 
Figure 5.8 (b). The spectra show that Zn is in the 2+ oxidation state. Furthermore, the 
high-resolution XPS spectrum of Ce in Figure 5.8 (c) shows that the Ce peaks consist of 
a mixture of Ce+3 and Ce+4 ions, as has previously been shown for nanocrystalline CeO2.  
Generally, the Ce oxidation states look alike and are close to each other, as shown in the 
XPS spectrum. 
 
 Some Ce+3 defects can be formed around the nanocomposite surface, particularly 
as the size of the CeO2 nanoparticles decreases due to an increase in lattice strain and the 
formation of defects[264]. The ratio of Ce3+/Ce4+ is also important in regards to its ROS 
scavenging properties and has been shown to be closely linked to the size of the 
nanoparticles[202, 265]. Can be formed due to the synergetic interaction between CeO2 
and ZnO. The presence of Ce3+ is generally accompanied by the localized formation of 
amorphous Ce2O3, which might not be detected by XRD because its concentration or 
amount is too small in the nanocomposite relative to both ZnO and CeO2. The peaks with 
energies of  532.5, 531.6, 530.4, and 534.2 eV represents O 1s, and it can be found that 
these four binding energies are related to and linked with the ZnO and CeO lattice oxygen 
( Zn+2, Ce+3,  Ce+4 ) and the hydroxyl group OH˙[262], as shown in Figure 5.8(d). 




















Fig. 5.8 XPS spectra of ZnO/CeO2 (10 at%): (a) survey spectrum, (b) Zn 2p, (c) Ce 3d, and (d) 





             5.3.1.5 FT-IR spectroscopy 
             FT-IR spectroscopy was used to examine the chemical composition of pristine 
CeO2, ZnO and ZnO coated CeO2 nanostructures, as showed in Figure 5.9. The existence 
of the nanostructures of the metal oxides in the sample can be elucidated in the lower 
wavelength region of the FT-IR spectra. The peak at 870 cm-1 is attributed to Zn-OH 
bending vibrations [266, 267]. Absorption bands from 400-4000 cm-1 were observed in 
the FT-IR spectrum of the prepared CeO2 nanoparticles, whereby, bands positioned at 
450 cm-1 and 824 cm-1 correspond to the Ce-O metal-oxygen bond [268-270] , which was 
not covered on our experimental setup. likely, a significant vibration band ranging from 
400 cm-1 to 500 cm-1 is assigned to the characteristic stretching mode of the Zn-O bond 
[271]. 
 Additionally, the ZnO coated CeO2 nanoparticles showed peaks at 1390 and 1514 
cm-1 [272] which are correlated to the acetate ion residuals of the starting materials [267]. 
Furthermore, the 1630 cm-1 and 3440 cm-1 bands correspond to the hydroxyl (O-H) group 
stretching and bending vibrations, respectively, which are associated with the residual 
water molecules and/or physically adsorbed OH groups on the surfaces of the CeO2 and 
ZnO coated with CeO2 samples [273]. In general, for the ZnO coated CeO2 samples it 
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can be seen that the intensity and the broading of the metal oxides peaks (band from 800-












Fig. 5.9 FT-IR spectrum of commercial ZnO, pristine CeO2 and ZnO/CeO2 nanocomposite 




      5.3.2. UV photocatalytic characterization 
Figure 5.10 shows the photocatalytic measurements for the prepared nanocomposites as 
well as the commercial naked ZnO. The measurements were replicated three times to 
establish the error margins and standard deviation. Crystal violet dye was used as a 
colorimetric indicator for photodegradation based upon the production of ROS sufficient 
in reactivity to mineralize the dye and O2
- superoxide radical indicator. These superoxide 
radicals might be created because of ZnO exposure to UV rays. As a result, a colorless 
derivative of crystal violet will be produced [202, 274] . in comparing the commercial 
naked ZnO with the samples capped with ceria, it is clear that the ceria loading in the 
nanocomposite samples drastically reduces the degree of dye degradation over the 








          It can be seen that the highest level of dye degradation was achieved with the 
uncoated commercial ZnO, whilst a substantial decrease in dye degradation was achieved 
for the nanocomposite samples. ZnO is a semiconductor material that nominally displays 
a wide band gap value of 3.27 eV for the wurtzite phase [275] and is primarily an absorber 
of UVA radiation, as evidenced in Figure 3. Illumination of the uncoated ZnO 
nanoparticles with wavelengths of light greater than this band gap is sufficient in 
generating photoexcited charge carriers. Excitation results in the promotion of an electron 
(e-) from the valence band to the conduction band, which in turn leaves behind a positively 
charged hole (h+). These photoexcited charge carriers can migrate to the surface of 
particle and interact with chemically adsorbed species. In this instance, the aqueous 
medium of the reaction mixture enables the generation of ROS through surface mediated 
redox reactions between photoexcited charge carriers and adsorbed water (H2O). 
 
          The resulting ROS, which typically includes the powerful hydroxyl radical, can 
then go on to oxidize the crystal violet dye and cause irreparable damage to its chemical 
structure. Over the exposure period tested, the continual generation of ROS gradually 
results in the de-colorization of the reaction mixture due to degradation of the colored dye 
molecules to colorless photoproducts, as evident by the gradual decrease in relative 
absorbance (C/Co) (Figure 5.10). In the case of the nanocomposite samples, a substantial 
reduction in the photocatalysed degradation of the crystal violet dye whilst under UV 
irradiation is observed as compared to the uncoated commercial ZnO. With increasing 
ceria loading, up to 10 at% it can be seen that the dye the dye degradation,  is reduced by 
97 % in UV light. Considering that no significant change was observed in the absorption 
band position of the nanocomposite samples relative to the uncoated ZnO, and that the 
absorption properties improved with increasing ceria loaded, it would have ordinarily 
been expected that some improvement in the photocatalysis would be achieved. 
 
          One possible reason this is not observed could be due to the deposition of CeO2 on 
the surface of the ZnO nanoparticles, resulting in an inhibition of the free radical 
production or scavenging of the ROS produced. CeO2 nanoparticles have been previously 
reported to display prominent antioxidant properties, particularly when a large number of 
surface defect sites exist [265]. These surface defect sites are often increased with 
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decreasing particle size and enable the interchangeable redox of Ce3+/Ce4+ with 
chemically adsorbed species [200, 202]. Thus, it could be suggested that the application 
of such fine CeO2 nanoparticles with existing surface defects in the nanocomposite 
samples could impart some form of ROS scavenging property, resulting in the gradual 
decrease in dye degradation with increased ceria loading as observed. Furthermore, the 
performance of the 10 at% nanocomposite in particular is a vast improvement on our 
previous work with Na-doped ZnO [276], in terms of reducing photocatalysis whilst also 














Fig. 5.10 Photocatalytic activity towards crystal violet dye (CV) of uncoated  commercial ZnO, 
synthesized 2.5 at%, synthesized 5 at% and synthesized 10 at% nanocomposite in terms of relative 















      5.2.3 Solar simulated light photocatalytic characterization 
To verify the photostability of the synthesized ZnO/CeO2 nanocomposite particles, a solar 
simulator LCS - 100™ light source was used to replicate real environmental conditions 
these materials may face if incorporated into a sunscreen formulation. A (1 sun) solar 
simulator for visible and UV light was provided to conduct this measurement. Figure 5.11 
highlights the results of these solar simulated light photodegradation experiments. It can 
be seen that the, as with the UV photodegradation results, the uncoated commercial ZnO 
induced the highest level of dye degradation, followed by the 2.5 at%, 5 at% and 10 at% 
nanocomposite samples. The dye degradation is reduced by 99% for Ceria amount of 10 
at% in the composite. In a similar manner to that outlined for the UV photodegradation 
experiments, the deposition of CeO2 in the nanocomposite samples provides dye 
protection by mitigating dye degradation through efficient scavenging of generated ROS 
by the core ZnO. The low degree of photocatalytic activity demonstrated by the 
nanocomposite samples under solar simulated light irradiation is particularly important if 
applied in sunscreen formulations as a UV filter. Normally, sunscreen formulations 
consist of a combination of both organic (various including oxybenzone and octocrylene) 
and inorganic UV filters (TiO2 or ZnO). Incorporation of uncoated ZnO into such 
formulations can impact the efficacy of the cream when applied to the skin due to the 
potential photodegradation of the organic components by photoexcited ZnO and ROS 
generation. In the case of the ZnO/CeO2 nanocomposites produced in this work, the low 
photocatalytic performance of the materials under simulated conditions highlights their 























Fig. 5.11 Degradation of crystal violet dye (Cv) over time with exposure to simulated 1 sun solar 
irradiation in conjunction with  uncoated commercial ZnO, ZnO/CeO2 (2.5 at%), ZnO/CeO2( 
5at%) and ZnO/CeO2 (10 at%) nanocomposite. Error bars shown derived from standard deviation 






















5.4 Conclusion  
In this article, we have demonstrated that photocatalytically active commercial ZnO was 
encrusted with CeO2 nanodots to build nanocomposite particles using cost-effective 
simple precipitation procedure. The composite materials show excellent absorbance 
capabilities with low photocatalytic activity, as well as high photostability with increasing 
amounts of ceria up to 10 at%, whereas the photocatalytic activity of commercial nano-
ZnO was reduced by around 97% under UV illumination and 99% under solar simulated 
light illumination. These novel nanocomposites can be used as efficient inorganic UV 
























Conclusions and Future Work 
 
Due to the hole in the ozone layer, concerns have been raised about the increasing amount 
of UV rays that reach the earth, as these rays are associated with harmful impacts on the 
human body. Mostly, the UV radiation divided into three wavelength regions, which are 
UVA (320-400 nm), UVB (290-320 nm), and UVC (270-290 nm). UVA and UVB have 
the greatest effect due to their intense impact on the human body.  
 
Therefore, it is crucial to develop a safe sunscreen to reduce their harmful effects. 
In this thesis, ZnO – based nanomaterials have been presented, which are suitable for 
application in the health care field. Products including UV filters as significant ingredients 
can minimize the dangerous effects resulting from exposure to the UV rays. Enhancement 
and development of the current materials in the nanoscale range is the research focus of 
the commercial care product industry. Due to the higher average dose reflected by the 
UV-index in several countries, especially in Australia, this issue has aroused interest for 
general public health. Nanoparticles that can scavenge free radicals have potential 
applications in this area and other possible future applications, such as in oxidative stress 
treatment due to their antioxidant properties, through providing novel ways to devise 
treatments for possible situations. 
 
 The potential capability of ZnO nanoparticles towards scavenging free radicals 
and their synthesis routes (sol-gel, Solvothermal and precipitation routes) were 
investigated. Ceria has been used in thesis work due to its scavenging properties, and 
these rely on the parameters and particular features of the materials included in the 
preparation. Such factors include pH and temperature, as well as other synthesis 
conditions. The techniques for the preparation nanoparticles that have been mentioned 
resulted in different morphological shapes, such as spherical or irregular shapes, 





Degradation, simulation, and absorption experiments revealed that the activity of 
the synthesised nanoparticles was improved with increasing pH and increasing 
surrounded con, which resulted in more surface defects and phases of ceria according to 
the XRD and XPS results. Furthermore, these defects could reduce the reactive oxygen 
species generation (ROS), according to previous studies. The formation of such properties 
in ZnO material could lead to a new strategy to control of its behavior towards free 
radicals. Our thesis work focused on the features of the materials that enabled assessment 
of their ability to absorb UV light and their stability when irradiated by sunlight as well 
their cytotoxicity, which was not included in the present work. 
 
 Furthermore, there are several other materials that could have direct or indirect 
effects on potential applications of the newly made materials. Properties such as 
antioxidant properties and capability towards the scavenging of free radicals could be 
designed with other oxide substances. Ceria is the best candidate for applications when 
incorporated in product care formulations. Thermal precipitation of nanoscale ZnO 
resulted in different particle sizes with increasing shell or coating material and enhanced 
absorption of UV radiation, as well as Na doping, which reduced the optical band gap and 
thus increased UV absorption. Indeed, increasing the content of ceria resulted in well 
dispersed ceria particles on top of the ZnO. All properties above were determined 
according to the different characterization methods, such as XRD, TEM, and SEM, as 
well as others.   
  
Generally, such materials have introduced and improved the scavenging 
properties of the newly designed system, which were notably observed via photocatalytic 
and solar simulation experiments through reducing the decolourisation of crystal violet 
dye, where the new nanoparticles were able to slake the OH- groups that were generated 
as a result of the photocatalytic activity of ZnO when exposed to UV radiation. The new 
structures could result in synergetic impacts between these properties and create unique 






The main key to success in this work was enhancing the stability of organic 
materials inserted into the product care in a cost-effective way, as well the improvement 
of the properties of ZnO-based nanocomposites, including extra-high reduction of the 
harmful effects of UV rays via proper new commercial sunscreens. Different contents of 
sodium were used for doping, as well as the ceria which covered the ZnO surface. These 
were keys to enhancing such properties. Would increasing the Na amount up to 3 at% and 
ceria up to 10 at% result in novel UV filtering properties. Furthermore, the preparation 
method had a significant effect on the design of such a novel material. This method could 
be used in the future with other materials, and the materials could also be applied in 
different fields in cosmetics, in sunscreens as well to other UV applications. 
 
Finally: a new materials system  such as tolerated ZnO with polymer  would be 
designed with the same methods or new method such as pyrolysis and investigate the 
Cytotoxicity, Properties such as antioxidant properties and capability towards the 
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Chapter 4 Supplementary Information 
 
A.1 Additional Electron Microscopy Images 
Scanning electron microscope (SEM) images were obtained of the undoped ZnO 
Nanoparticles using a JEOL JSM-7500 FA. These images, shown below,  
Display the broad particle distribution and morphology of the undoped ZnO 
 Particles. 












           Fig A.1: (a) Pure ZnO obtained by sol-gel method, (b) Pure ZnO obtained by 








A.2 UV–visible spectra and degraded color for photocatalytic and solar 



















Fig A.2: UV visible spectra showing the photocatalytic activity of (a) crystal violet dye 
(CV), (b) commercial ZnO (c) pure undoped ZnO, (d) Sg1 nanoparticles, and (e) Sg2 

































Fig A.3: Degraded color of the dye used in this thesis work after exposure from 0 min to 
30 min for (a) crystal violet dye, (b) commercial ZnO, (c) pure undoped ZnO, (d) Sg1 






Fig A.4: Linear plot of photocatalytic activity towards crystal violet dye (Cv) of commercial, 
Na-undoped and Na-doped ZnO nanoparticles in terms of relative dye degradation over time 




Fig A.5: UV-visible spectra showing the photocatalytic activity of (a) crystal violet dye (CV), (b)  
commercial ZnO, (c) pure undoped ZnO, (d) Sv1 nanoparticles, and (e) Sv2 nanoparticles 








Fig A.6: Degraded color of the dye used in thesis work after exposure from 0 min to 30 min for 
(a) crystal violet dye, (b) commercial ZnO, (c) pure undoped ZnO, (d) Sv1 nanoparticles, and (e) 





Fig A.7: Linear plot of photocatalytic activity towards crystal violet dye (Cv) of commercial, 
Na-undoped and Na-doped ZnO nanoparticles in terms of relative dye degradation over time 





Table A.1: kinetic analysis for photodegradation of tasted Cv, Commercial ZnO and samples 
synthesised via Sol-gel and Solvothermal process when exposed to UV radiation. 
Method                       Sample Equation          Intercept 
Value             Standard 
                         error         
               Slope 
Value           Standard 




y = a + b*x -1.26751E-4  0.00119  -6.40892E-4 6.61614E-5  
 Commercial 
ZnO             





y = a + b*x -0.0657          0.03991  -0.08871       0.00221  
Sol-gel         Sg1 y = a + b*x 0.01004         0.00763  -0.0119         4.23222E-4  
Sol-gel Sg2 y = a + b*x     -0.01099        0.00599  -0.00331       3.32003E-4  
Solvothermal Undoped 
ZnO 
y = a + b*x     0.05556         0.10664  -0.14441       0.00871  
Solvothermal Sv1 y = a + b*x     -0.02782        0.01408  -0.01147       7.80826E-4  

























Fig A.8: UV visible spectra showing the photocatalytic activity under solar simulation of (a) 
crystal violet dye (CV), (b) commercial ZnO, (c) pure undoped ZnO, (d) Sg1 nanoparticles, and 
(e) Sg2 nanoparticles synthesized by the sol-gel method in terms of relative dye degradation over 
time.  
 
Fig A.9: Linear plot of photocatalytic activity towards crystal violet dye (Cv) of commercial, 
Na-undoped and Na-doped ZnO nanoparticles in terms of relative dye degradation over time 


















Fig A.10: UV visible spectra showing the photocatalytic activity under solar simulation of (a) 
crystal violet dye (CV), (b) commercial ZnO, (c) pure undoped ZnO, (d) Sv1 nanoparticles, and 
(e) Sv2 nanoparticles synthesized by the solvothermal method in terms of relative dye degradation 




Fig A.11: Linear plot of photocatalytic activity towards crystal violet dye (Cv) of commercial, 
Na-undoped and Na-doped ZnO nanoparticles in terms of relative dye degradation over time 




Table A.2: kinetic analysis for photodegradation of tasted Cv, Commercial ZnO and samples 
synthesised via Sol-gel and Solvothermal process when exposed to solar simulated radiation. 
Method                       Sample Equation       Intercept 
Value  standard 
              error       
                 Slope 
Value          standard 




y = a + b*x -0.00202  0.00201  1.57476E-4  1.11751E-4  
 Commercial 
ZnO             





y = a + b*x -0.10611  0.0451  -0.04925       0.0025  
Sol-gel         Sg1 y = a + b*x -0.00631  0.00391  -0.00252       2.17143E-4  
Sol-gel Sg2 y = a + b*x     -0.0036    0.00267  -6.56512E-4 1.48344E-4  
Solvothermal Undoped 
ZnO 
y = a + b*x     -0.12556  0.05402  -0.0633         0.003  
Solvothermal Sv1 y = a + b*x     0.00686   0.00641  -0.00492       3.55311E-4  






































Fig B.1: UV visible spectra of the synthesized nanocomposites with 2.5 at%, 5 at%, and 10 at% 












Fig B.2: UV visible spectra of the synthesized nanocomposites with 2.5 at%, 5 at%, and 10 at% 


















Fig B.3: UV visible spectra of the synthesized nanocomposites with 2.5 at%, 5 at%, and 10 at% 




Fig B.4: UV visible spectra of the synthesized nanocomposites with 2.5 at%, 5 at%, and 10 at% 










B.2 Additional Electron Microscopy Images 
Transmission electron microscopy images were obtained of the commercial  
Nanoparticles using a JEOL JEM-2010. These images, shown below, display the  
Morphology of the commercial ZnO and fabricated nanocomposites as well to  


















Fig B.5: TEM images of (a) commercial ZnO, (b) synthesized 2.5 at% nanocomposites, (c) 



































Fig B.6: UV visible spectra showing photocatalytic activity of (a) crystal violet dye, (b) 
commercial ZnO, (c) synthesized 2.5 at% nanocomposites, (d) synthesized 5 at% nanocomposites  



































Fig B.7: Degraded color of the dye used in this thesis work after exposure from 0 min to 30 min 
for (a) crystal violet dye, (b) commercial ZnO, (c) pure undoped ZnO, (d) Sv1 nanoparticles, and 































Fig B.8: Photocatalytic activity towards crystal violet dye (CV) of uncoated  commercial ZnO, 
synthesized 2.5 at%, synthesized 5 at% and synthesized 10 at% nanocomposite in terms of relative 









Fig B.9: Linear plot of photocatalytic activity towards crystal violet dye (CV) of uncoated  
commercial ZnO, synthesized 2.5 at%, synthesized 5 at% and synthesized 10 at% nanocomposite 









Table B.1: kinetic analysis for photodegradation of tasted Cv, pure Commercial ZnO and samples 
S1, S2 and S3, when exposed to UV radiation. 
Ce 
(at%)                       
Sample Equation       Intercept 
Value         standard error 
                Slope 




y = a + b*x -0.00265     0.00285  3.79188E-4     1.58353E-4  
0 Pure 
Commercial 
ZnO       
y = a + b*x -0.14133     0.0821  -0.08814            0.00455  
2.5% 
 
S1 y = a + b*x 0.01104      0.01659  -0.0209            9.20107E-4  
5% 
           
S2 y = a + b*x 0.02668       0.01413  -0.01027          7.83626E-4  
























Fig B.10: UV visible spectra showing the photocatalytic activity under solar simulation activity 
of (a) crystal violet dye, (b) pure commercial ZnO, (c) synthesized 3.5 at% nanocomposite, (d) 



















Fig B.11: Degradation of crystal violet dye (Cv) over time with exposure to simulated 1 sun solar 
irradiation in conjunction with  uncoated commercial ZnO, ZnO/CeO2 (2.5 at%), ZnO/CeO2( 
5at%) and ZnO/CeO2 (10 at%) nanocomposite. Error bars shown derived from standard deviation 







Fig B.12: Linear plot of photocatalytic activity towards crystal violet dye (CV) of 
uncoated  commercial ZnO, synthesized 2.5 at%, synthesized 5 at% and synthesized 10 








Table B.2: kinetic analysis for photodegradation of tasted Cv, Commercial ZnO and samples S1, 
S2 and S3, when exposed to solar simulated radiation. 
Ce 
(at%)                       
Sample Equation       Intercept 
Value         standard error 
                Slope 




y = a + b*x -0.00265    0.00285  3.79188E-4     1.58353E-4  
0 Pure 
Commercial 
ZnO       
y = a + b*x -0.14133     0.0821  -0.08814            0.00455  
2.5% 
 
S1 y = a + b*x 2.84959E    -4 0.00662  -0.00809          3.67384E-4  
5% 
           
S2 y = a + b*x 0.00466       0.00366  -0.00536          2.02985E-4  
10% S3 y = a + b*x     -0.00906      0.00409                   -9.60936E-4    2.26749E-4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
